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H appiness thou lovely name, 
W here's thy seat, O tell me where? 
Learning, pleasure, wealth and fam e, 
A ll cry out, “It is not here."
Not the wisdom o f  the wise, 
Can inform me where it lies; 
Not the grandeur o f  the great 
Can the bliss I  seek create.
Object o f  my fir s t desire, 
Jesus, crucified fo r  me, 
A ll to happiness aspire, 
Only to be found  in Thee.
Thee to praise and Thee to Know, 
Constitute our bliss below; 
Thee to see and Thee to love, 
Constitute our bliss above.
Source and Giver o f  7‘epose, 
Singly from  Thy smile it flow s; 
Happiness complete is Thine; 
Mine it is, i f  Thou art mine.
Summary
S u m m a r y
A wind tunnel study was used to investigate flow  and the dispersion of 
elevated emissions over and in the wake of both generic building groups 
and a real industrial site. Much research has been previously carried out 
on low level releases passing through extensive building arrays, but very 
litt le  has treated elevated releases. The objective o f the present research 
was to investigate the requirements o f ‘practical’ models to predict 
dispersion from elevated releases above an industrial complex. The 
experiments were carried out in the EnFlo wind tunnel at the University o f
Surrey in simulated neutral and stable boundary layers at 1:500 scale.
The behaviour o f the mean flow  and turbulence in array wakes was 
compared w ith  predictions from an analytical, three dimensional, eddy 
viscosity model. The model was successful when arrays were aligned 
normal to the approach flow  but, as it did not treat the secondary flows 
associated with roof vortex systems, it was not adequate for other wind 
directions. The measurements showed that when roof vortex systems were 
prominent they created strong mean streamline deflections downwards 
over the wake, leading to velocity excess rather than defic it w ith in the 
central part o f the wake.
Diagonal wind directions produced the higher ground level concentrations, 
or the greater reduction in effective stack height, fo r all the building
groups studied. This correlated well w ith the measured mean streamline 
deflections. Dispersion measurements in the stable boundary layer fo r 
releases below 1.5 building heights were very similar to those made in the
neutral boundary layer, but the building effect appeared larger in the 
stable boundary layer for the higher releases. This latter feature probably 
resulted from interactions w ith the boundary layer edge in the relatively 
shallow stable layer.
Analysis o f extensive measurements in the neutral boundary layer showed 
that a group of buildings could be adequately represented by a single, 
effective building o f appropriate dimensions as far as the maximum ground 
level concentrations were concerned. However, the size o f the effective 
building was a function o f array orientation relative to the wind.
Vertical plume spread in elevated releases was unaffected by the presence
of the buildings. Streamline deflections or downwash, which caused the 
mean height o f a plume to reduce, were the predominant cause of increased 
ground level concentrations in the array wakes. In situations where the 
plume was significantly entrained into the wake, the lateral plume spread 
was enhanced. A  modified Gaussian plume model including downwash and 
enhanced lateral spread represented the resulting concentration fie ld  
quite well.
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Chapter 1 Introduction
C h a p t e r  1 .  I n t r o d u c t i o n
Assessment o f the dispersion o f gases released in the locality o f building 
groups is required for industrial sites to obtain construction and operating 
licences. Tall stacks are built to release the plume higher up in the 
boundary layer, so that by the time the plume comes into contact with the 
ground it is sufficiently dispersed. However, it is well established that 
buildings bring the plume into contact with the ground much sooner than 
would otherwise be the case. This can increase the maximum ground level 
concentration by more than an order o f magnitude. Much of the research 
into build ing affected dispersion has concentrated on releases at or below 
roof level, where the plume becomes rapidly mixed in the recirculation 
region at the lee o f the building. In this situation the lateral and vertical
spread o f the plume are the main parameters that need to be enhanced in
any dispersion model.
Previous studies have examined in some detail plumes affected by a isolated 
rectangular building. Castro and Robins (1977) showed that the 45° wind
direction, compared to the 0° case, gave rise to significantly higher ground 
level concentrations for releases at roof level and above. Huber and Snyder 
(1982), investigated dispersion from short stacks, w ith the approach flow  
normal to the upwind building face. In this study the centreline ground 
level concentration measurements were complemented by vertical and
lateral profiles for a range o f release heights. Later Huber (1989)
investigated the influence on building width and orientation fo r a number 
o f single buildings having width-to-height ratios ranging from 2 to 22. 
Some o f his dispersion experiments used a release height o f 1.5 times the 
building height whilst the rest were at ground level. The emphasis o f his 
paper is on the behaviour o f the cross-stream concentration profiles, so no
centreline ground level concentrations or vertical profiles are presented. 
Higson et al. (1995) carried out a field study in the USA on a 2m cube normal
to the flow  in stable and unstable conditions. Higson et al. (1996) compared
fie ld  and wind tunnel studied for dispersion around an isolated building at 
various orientations. However, all their experiments used an upwind
release at ha lf the building height. Dispersion through an array o f 2m 
cubes was studied by Davidson et al. (1995), but once again this was for an 
upwind release below the obstacle height.
Previous research has been carried out for British Nuclear Fuels Ltd on
dispersion from elevated releases over their Sellafield site in Cumbria,
Singh (1990). The overall influence o f the site was determined by making 
ground level concentration measurements. One o f the aims o f our research 
is to determine the effect o f surrounding buildings on dispersion from an 
elevated release above a single building. For example, i f  the effect o f the 
single building closest to the stack dominates the dispersion behaviour, can 
the other surrounding buildings be ignored from a modelling point of 
view? This question requires studying both simple and complex building 
groups to determine the effect of adding surrounding buildings. The other 
major objective is to determine the influence o f stratification on dispersion 
from elevated releases above building groups. No reported research has 
been done in this area of interest, but it is a scenario which would often 
occur fo r releases made on a clear night.
Knowledge obtained on how buildings affect the dispersion o f elevated 
releases, can be fed into dispersion models to improve their ab ility  to 
predict the concentration fie ld  in the v ic in ity  o f buildings. For a safety
1
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assessment to be carried out for a routine release, typically 5 independent 
meteorological variables need to be catered for, such as: wind speed, wind 
direction, heat flux , boundary layer depth and precipitation. This can mean
between 2000 and 4000 dispersion scenarios need to be evaluated. Clearly, to 
perform such an exercise, the model used needs to run w ith in a few
minutes at most, to make the assessment possible w ithin the available time.
Computational flu id  dynamics can be used to model the flow  around a single
building, but currently each case takes several hours to run after it has 
been set up. The implication o f this is that for some time to come, relatively 
simple dispersion models such as the Atmospheric Dispersion M odelling 
System, CERC (1995), w ill be required to perform assessment exercises. 
Therefore, it is important to make these models as realistic as possible by 
investigating which parameters are most important to adjust when 
evaluating plume behaviour in regions affected by buildings.
This project investigates a range o f building groups at 0 and 45° in a 
simulated neutral and stable boundary layer at 1:500 scale. A ll the 
experiments were carried out in the Environmental flow  research centre at 
the University o f Surrey. The wind tunnel used had a working section of 
1.5m by 3.5m with a length o f 20m. The flow  in this tunnel can be stratified 
by demanding a vertical in let temperature profile, and the internal 
surfaces can be heated or cooled, depending on whether a convective or 
stable boundary layer is to be simulated. In the stable boundary layer it was 
necessary to isolate the central flow  from the influence o f the slightly 
cooler side walls to reduce the cross flows that were present. This was 
achieved by placing perspex side walls half a meter from the tunnel side. 
The central metre o f the stable boundary, was then approximately two 
dimensional, w ith a downstream fetch o f 2.5m over which the boundary 
layer development was not very significant.
The project was funded by Westlakes Scientific Consulting Ltd, acting on 
behalf o f British Nuclear Fuels Ltd (BNFL) in Cumbria. A ll the building 
groups studied were based on a building (B204) at the BNFL Sellafield site, 
which has a stack o f twice the building height. Single buildings o f 3, 5 and 
7 times the plan dimensions o f B204 were investigated, and nine B204 
buildings were arrayed w ith three different spacings between the
buildings. Centreline ground level concentrations were measured for a 
range o f release heights from 1.2 to 3.2 times the building height. The 
lower lim it ensured that the plume did not become completely entrained 
into the building wake, while above 3.2 times the building height, the 
resulting ground level concentrations were so low that they could not 
accurately be measured. This upper lim it was not really restrictive since 
for most o f the building groups their effect was negligible for these tall 
stacks. The maximum concentration values from the centreline 
distributions were used to calculate an effective stack height, based on 
dispersion measurements in the undisturbed boundary layer. For some of 
the cases vertical and lateral concentration profiles were taken at a
number o f downstream positions to investigate in more detail how the 
plume was developing in the perturbed boundary layer flow. These results 
were then compared with a modified Gaussian model to determine which 
parameters should be adjusted to best describe the observed concentration 
profiles. Cross-wire measurements were also made downstream o f some o f 
the building groups in the neutral boundary layer w ith a view to linking
the flow  and dispersion characteristics in the building wakes.
In the neutral boundary layer many building groups were studied in terms 
o f their effective stack heights to determine which configurations produce 
sim ilar effects on the plume dispersion. This should enable the in fin ite
2
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number o f possible building layouts to be represented by equivalent
bu ild ing  groups, so sim plify ing  the problem. A fter studying the behaviour 
o f these generic building groups, a model o f the Sellafield site was installed 
into the tunnel to determine the effect o f the surrounding buildings and 
topography on the dispersion o f releases from B204. The downstream fetch
investigated in the neutral boundary layer was equivalent to 3 km at fu ll 
scale. Beyond this distance downstream the plume has become suffic iently 
dispersed that in itia l building effects make negligible difference to its 
behaviour. Some o f the interesting dispersion experiments in the neutral 
boundary layer were repeated in the stable one, to investigate the
sensitiv ity o f the results to stratification. Practically no previous dispersion 
measurements have been made for elevated releases above buildings in a 
stable boundary.
Chapter 2 contains the literature review which details some o f the 
important previous studies, and highlights the very lim ited number of 
build ing affected dispersion experiments that have used releases above roof 
height. In the stable boundary there have been no previous dispersion 
experiments carried out for elevated releases above buildings. In Chapter 3 
is discussed the apparatus and techniques used to make flow  and dispersion 
experiments in the EnFlo wind tunnel. The results o f the flow 
measurements made in the undisturbed boundary layers, and in the wake o f 
some o f the building groups in the neutral boundary layer, are presented
in the Chapter 4, together w ith comparisons with a 3D momentum 
dominated wake model that has been developed. The dispersion results for 
elevated releases are presented in Chapter 5, firs tly  in the absence o f any 
buildings, and then w ith the range o f generic building groups, 
progressing to the fu ll Sellafield site. Chapter 6 investigates which 
parameters in the Gaussian plume model need to be adjusted to give good 
agreement w ith  the observed concentration fie ld . The conclusions from 
this research project are given in Chapter 7, along with suggestions for 
further work in this area.
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C h a p t e r  2 .  L i t e r a t u r e  r e v i e w
2.1 In tro d u c tio n
A large body o f literature exist for flow  and dispersion around isolated 
buildings and groups in the neutral boundary layer. Predominantly the 
interest has been fo r effluents released at or below roof level, where the 
plume is significantly effected by the immediate flow fie ld  around the 
building. Very few studies have investigated elevated releases around 
groups o f buildings in the neutral boundary layer, and according to the 
literature this has never been done in non-neutral stability.
First o f a ll this review considers the flow  and dispersion behaviour over a
single block normal to the wind and then moves on to the diagonal
approach flow . Work has been done on buoyant emissions from the sides of
cuboids and for elevated releases above a single building. A ll these
dispersion experiments were carried out for a neutral stability. Snyder 
(1994b) investigated dispersion around a cube in stable stratification for a 
ground level release showing that the near building wake was unaffected 
fo r obstacle Froude numbers to be expected in the atmosphere. Further 
downstream the wake was influenced by the stability, which indicates that 
elevated releases are more like ly to be effected than releases at or below 
roo f level.
Field and wind tunnel studies have been carried out around a number o f
Nuclear Reactor sites, but all o f these investigated releases just above roof
level or below. However, many industrial sites do have elevated stacks, that 
need to be adequately modelled from a dispersion point o f view for the site 
to obtain a licence to operate. Previous research in this area has been 
carried out on behalf o f British Nuclear Fuels Ltd, to determine the 
reduction in  effective stack height for releases over its Sellafield site in 
Cumbria. It was the intention of this project to make a more detailed study 
o f the effect o f surrounding buildings on dispersion from an elevated 
release above a cuboid. Also some experiments were carried out in a stable
boundary layer to determine how stratification influences the plume
dispersion over groups of buildings, and the Sellafield site.
The Gaussian plume model is by far the most common way o f simply 
representing the time averaged concentration fie ld  downstream o f a 
release. Many of the dispersion studies reviewed in this chapter describe 
the effect o f buildings on the plume in term o f modifications to the 
Gaussian model parameters. The equation for the Gaussian spreading o f the 
plume is therefore presented at this early stage in the report and can be 
expressed as:
where C is the ratio of the volumetric concentration in the plume to that o f 
the source, U ref is the velocity at the top of the boundary layer, H b is the 
build ing height, Q is the source flow rate in m3/s, U atlvvc is the mean 
advection velocity o f the plume, a y and o z are the lateral and vertical 
spreads and z p is the plume centreline height. This is often known as the bi-
Lnteral dist
(2 .1 )
-------v-------Vertical distribution
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Gaussian equation since it  has a vertical reflection term (the right hand 
term in the square brackets), which models the effect o f the ground and 
satisfies continuity. The plume dimensions, crv and <j z, increase with 
downstream distance to represent the effect o f the plume spreading, which 
results in the maximum concentration in the plume being reduced.
2 , 2  F l o w  a n d  d i s p e r s i o n  a r o u n d  a  r e c t a n g u l a r  b u i l d i n g
2.2 .1  For approach flow incident to the surface of a cuboid.
I f  a surface mounted cube were subjected to a uniform flow  having only a 
thin surface boundary layer the positive pressure on the upstream face 
would be fa irly  uniform apart from near the edges (Castro and Robins 
1977). However in the case of a cube in a deep boundary layer the 
curvature in the velocity profile  produces a pressure gradient on the lower 
two thirds o f the front building face driving the flow  downwards. Any 
pollutant emitted below this level from a vent on the upwind face, w ill be
carried down to ground level and then w ill travel upwind to meet the
separation point. The upstream separation point is about one building 
height ( H h) in front o f the upstream face for a cube, but may be up to 2 H h 
in front fo r wider buildings. Above this standing eddy the oncoming flow  
strikes the normal face and is directed upwards or sideways depending on
its proxim ity to the roof and sides o f the cube. The dimensions o f the 
upwind recirculation region are very dependent on the building width to
height ratio and the shape o f the wind profile. The standing eddy spanning 
the building width curls round the sides to form the horse shoe vortex 
system as shown in Figure 2.1. Turbulence in the approach flow  makes the 
horse shoe vortex system unsteady, but the vortex system itse lf produces 
the high turbulence levels experienced near the ground at building 
c o rn e rs .
A t the sharp edges between the windward face and the roof and sides the 
flow  separates and the free shear layers curve inwards towards the wake 
axis as they travel downwind. I f  the ratio o f the streamwise length o f the 
build ing L b to its height H b is large enough, the flow w ill reattach onto the 
respective faces, form ing closed recirculation bubbles on the roo f and 
sides. This is the case shown in Figure 2.1. Reattachment is enhanced by 
turbulence in the approach flow  since it  increases the momentum transfer 
between the shear layer and the recirculation region. Hoy/ever, it should 
be remembered that reattachment is always unsteady and for a range of 
build ing  geometries the flow  randomly oscillates between being reattached 
or fu lly  separated. When the reattached flow  reaches the leeward edges of 
the sides and roof, it  w ill again separate to form an 'arch' vortex. The flow  
over the cube stretches the top o f the 'arch' downwind with decreasing 
height. Downstream the mean flow  reattaches onto the ground form ing the 
downwind extent o f the cavity region. Where reattachment does not occur 
on the roof and sides, the near wake cavity extends upwind to the leading 
edges of the roof and sides o f the building. I f  any pollutant is emitted or 
entrained into the cavity a ll the building surfaces apart from the upwind 
face w ill then be contaminated.
The cavity region is characterised by low velocity and pressure, but high 
turbulence intensity. This region is relatively well mixed and is often 
modelled as having a uniform concentration. However it was shown by 
Fackrell and Robins (1981), that this assumption was more valid for an 
entrained plume than for a source w ith in the cavity. The flow  in the
5
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recirculation region is very complex and unsteady, thus most descriptions 
o f the flow  are only true in a time averaged sense. The dimensions o f the 
cavity are strongly dependent on the building width to height ratio, W b/ H bt
and on whether the flow reattaches to the buildings roof and sides. The 
distance from the lee o f the building to reattachment point is the 
streamwise extent o f the cavity region and is denoted by L R. For a large 
W b/ H b ratio, say greater than 10, the region o f recirculating flow  w ill 
extend to about L R/ H b - 1  when roof flow  reattaches, compared to L R/ H b =11 
when the flow  remains separated over the building roof (Hosker 1979). The 
scatter in the experimental data obtained by many different researchers 
fo r the reattached case is much less than fo r the separated one. Evidently
the physics o f the wake cavity are much more sensitive to the incident flow  
conditions in the latter case since this was the only varying parameter 
between data sets. The approach flow  upstream of the cuboid in all the 
studies, was a deep boundary layer o f neutral stability. The maximum cavity 
height fo r the separated case is between 1.5 and 2.5 H b above the ground 
and is strongly affected by roof slope. For the reattached case the cavity 
height and width are approximately the same as that o f the building.
The main wake, commencing at the downwind end of the recirculation
region, is characterised by a velocity deficit and a turbulence excess when 
compared to the flow  in the absence of the building. The longitudinally 
oriented vortices from the horse shoe system and from the building sides,
are usually dissipated quite rapidly by the turbulence in the approach flow  
when the building face is normal to the flow. This causes the wake to be 
dominated by the momentum defic it resulting from the drag on the 
building. The wake spreads with downstream distance by entraining the 
external flow . Thus, downwards and lateral flow  towards the wake 
centreline is produced which causes the downwash o f plumes. The velocity
deficit in the wake decays roughly as
( \~v x where the value o f p  is
between 1.5 &  1.6, and the turbulence excess decays slightly quicker at 
f  .. \~2
about . A fter about 10 to 20 H b downstream the wake is generally
indistinguishable from the background flow . However, it  should be 
remembered that the decay rate is strongly dependent on the background
turbulence levels.
There have been many previous dispersion experiments around 
rectangular buildings, but the majority have used release positions at or 
below roof level. Experiments by Robins &  Castro (1977), used release 
heights up to 2.5 times that o f the isolated cube as well as some below roof 
level. Huber and Snyder (1982) investigated elevated releases above a
rectangular-shaped building which had a length equal to twice its height 
and width. It was orientated with the long side perpendicular to the 
approaching neutral boundary. They compared their results w ith  a 
Gaussian plume model with enhanced vertical spreading, and were able to a 
achieve good agreement w ith  the centreline ground level concentration 
measurements. Later Huber (1989) investigated ground level and elevated 
releases fo r buildings having width-to-height ratios ranging from 2 to 22.
The main emphasis of the paper was to determine how the cross-stream 
concentration profiles varied w ith build ing width and orientation.
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2 . 2 . 2  F o r  a p p r o a c h  f l o w  a t  a n  a n g l e  t o  t h e  s u r f a c e  o f  a  c u b o i d .
For a block like building at 45° to the flow  direction the most significant 
change in the flow  pattern around the building is the intense roof vortices 
that are produced by roll-up o f shear layers as the flow  above the horse 
shoe vortex system travels diagonally up and along the building sides, see
Figure 2.2. Experiments by Robins &  Castro (1977), measuring ground level 
concentrations from a release at the top centre o f a cube, found that the 45° 
case yielded approximately a four fo ld  increase in the concentration levels
when compared to the 0° case. As the release height was increased towards
2.5 times that o f the cube, this ratio decreased as a consequence of the 
lessening influence o f the cube when the plume is higher up. The 
enhanced ground level concentrations fo r the 45° case illustrates the 
effective vertical transport produced by the roof vortices. Ogawa et al 1983, 
showed that the downstream extent o f the cavity region increased as the 
angle between the wind direction and the building changed from 0° to 45°
In the main wake the roo f vortices transport higher momentum flu id
downwards, increasing the wake velocity, and after 10 H b downwind a
velocity ‘ overshoot’ is often observed, i.e. the velocity in the wake 
centreline is greater than it  would have been in the absence o f the
building. However, at locations further from the axis, lower mean velocities
w ill appear. Meandering o f the wake axis makes measurement o f these 
vortices d iffic u lt further downwind and their presence may have to be 
inferred from the excess in mean velocity or from the tracer transport and 
dispersion. For conditions o f low background turbulence, these vortices 
may persist to about 100 H b downwind. I f  the building is inclined at say 30° 
to the flow , the vortex created on the more upstream side of the building as 
the flow  separates over the roof w ill be the dominant one. Roof vortices 
become significant i f  the approach flow  is more than 15 degrees o ff  normal
to the upstream build ing face.
Recent research has been carried out by Higson et al, (1996), for an isolated 
build ing having an upwind source at half the building height. The normal 
and diagonal wind directions were investigated in both fie ld  and wind 
tunnel studies, paying particular attention to the fluctuating components
o f the dispersion. It was found that, in general, concentration fluctuation 
intensities occurring in the fie ld  were larger than those measured in the
wind tunnel, except in the near-wake region.
Apart from Robins &  Castro (1977) and Huber (1989), previous dispersion 
experiments have predominately considered releases at or below roo f level
fo r cuboids diagonal to the approach flow.
2 . 2 . 3  E f f e c t s  o f  p l u m e  b u o y a n c y
Plume buoyancy reduces the ground level concentrations when compared 
to the passive case, because the mean plume height is increased.
Hall and Waters (1986) investigated the effects o f buoyancy on emissions at 
model scale covering a range of heat release rates from 1 to 100 MW  over a 
wind speed range o f I to 10 m/s for a cuboid. Releases from either the 
downwind, upwind or roof surfaces o f the building were investigated. They 
found that as the emission buoyancy was increased, the ground level 
concentrations decreased more rapidly until plume 'l i f t  o f f  occurred at 
which point the ground concentration levels were undetectable. This 
behaviour is illustrated in Figure 2.3. It can be seen that the effect o f the 
source position is small relative to the buoyancy parameter over the range
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that has been investigated. The experiments were carried out in neutral 
boundary layers having roughness lengths corresponding to 20 and 60cm 
at fu ll scale. The results appear insensitive to the roughness length used 
w ith in the experimental scatter. On the figure is marked the position at 
which T ift o f f  would occur as predicted by Briggs as the value o f Lp  
reaches 29, where L p  is given by
Lr = 8 — Y  V 2 )
P Pa «*
The results do show a sharp change in gradient around this position rather 
than a step change in concentration that was predicted by Briggs.
The shape o f the building has a significant affect on the ground level
concentrations which varies w ith emission buoyancy. For low buoyancy 
emissions, as the building width is increased, the concentrations levels
reduce, which is the instinctively expected result since the width o f the
wake has increased. However, for h ighly buoyant emissions the ground
level concentrations are increased for the wider building case. The cause o f 
this seems to be that the in itia l dilation produced by wider buildings 
reduces the relative plume buoyancy. Thus, the plume rise is reduced and 
the ground level concentrations increase. A t an intermediate buoyancy 
these two opposite effects cancel, and the ground level concentrations 
become independent o f the building width.
Snyder (1994a) considered elevated releases above a single building, and 
found qualita tive ly that the additional buoyancy in the effluent is sim ilar 
to an increase in vertical exit velocity. Both these effects increase the 
plume height, so that the plume moves further away from the heart o f the 
building wake. This results in the plume being less influenced by the wake. 
Often elevated buoyant releases are modelled using a release having the 
same density as the surrounding air, but with an enhanced release height. 
This method works well because most o f the plume rise occurs close to the 
release position, since as the plume spreads and entrains more surrounding 
air, the mass o f the plume increases and the rate o f rise falls.
2 , 2 . 4  E f f e c t s  o f  a t m o s p h e r i c  s t a b i l i t y
Unstable stra tification  increases the vertical m ixing and , background 
turbulence in the flow , so promoting the dispersion o f plumes. The
convective boundary layer is made up of rising thermals and cool 
downdrafts, so pollutant emitted at stack height can be advected down to 
ground level by a downdraft causing the local ground level concentrations 
to increase. For dispersion from a ground level source the effect o f unstable 
stra tification w il l reduce any local ground level concentrations since 
strong vertical m ixing must transport pollutant upwards. The effect o f the 
building wake is less persistent in unstable conditions since the high 
turbulence levels increase momentum transfer and rapidly break up
tra iling  vortex systems generated by the building.
Stable stratification dampens the vertical motions so that the turbulence 
and the vertical mean motions are attenuated. The dispersion o f the plume 
is reduced both laterally and vertically, so that the pollutant contaminates a 
smaller volume o f air but w ith obviously higher concentrations. I f  the 
plume is entrained into the near wake recirculation region o f a building, 
the ground level concentrations can be increased due to the stability.
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However, i f  the plume is elevated it may remain so for a long time, (small 
vertical m ixing), and consequently the maximum ground level 
concentrations w ill be s ign ificantly reduced and w ill occur much further 
downwind from the source.
Up to a point increasing stability enhances the tra iling vortex system since 
it reduces the background turbulence that breaks up the vortices. For
strong stability the vertical motion induced by the vortices w ill be 
attenuated directly due to buoyancy forces. For the moderately stable case 
the wind direction w ill be important in determining the effect of 
stratification, since a 45° wind direction produces the strong roo f vortices.
Meroney and Yang (1970) reported concentration measurements behind a 
cube fo r neutral and stably stratified approach flows. Releases were made
from the top, middle and bottom of the cube, but the downwind 
concentrations were found to be very sim ilar for each source location.
They found that in stable flows, at downwind distances of less than five 
build ing heights, the mechanical turbulence generated by the build ing 
was dominant and the effect o f stability was not significant. A t distances 
greater than five  build ing  heights the non-dimensional ground level 
concentrations were about 8% higher in the stable case. However when 
considering the natural variab ility  o f dispersion an 8% increase is not very 
s ig n if ic a n t .
Experiments have been carried out by Ogawa and Diosey (1980), for flow  
over a 2 dimensional fence, where it was found from wind tunnel studies
that the extent o f the cavity region reduced significantly w ith increasing 
stability. This was not observed in the fie ld study, since tests were only 
carried out under weakly stratified conditions. A more recent wind tunnel 
study by Steggel and Castro (1998), has demonstrated that the recirculation
length behind a 2 dimensional fence increases, rather than decreases, w ith 
stab ility , since the background turbulence in the approach flow  is lower.
Ogawa et al (1983), made fie ld  and wind tunnel measurements for flow  
round a cube. In this case, the wind tunnel study was carried out in neutral 
flow  conditions, and the fie ld tests only covered a lim ited range of 
stabilities, so no information was gained on how the stability affected the
cavity dimensions. The results did however demonstrate that an increase in 
background turbulence reduces the length o f the recirculation region.
Snyder (1994) investigated flow  over a cube in a stably stratified water 
tank, fo r a uniform  approach flow . Concentration profiles- were measured
on the block surfaces and downwind from a source positioned at ground 
level on the lee side o f the building. For Froude numbers greater than 2.5 
the concentration fie ld  was only affected downwind o f the recirculation 
region, but in the near wake, no significant changes were observed.
However, as the Froude number was reduced to 1, dramatic changes 
occurred in the near wake region.
Equation (2.3) shows an expression for the obstacle Froude number as a 
function o f the building height H  b, the surface roughness length z 0, the 
M onin-O bukhov length L and the log-linear profile constants /3(( and f3T.
p -  \"0 / (2.3)
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The derivation o f this equation appears in Appendix 1, and uses the log- 
linear profiles fo r the temperature and velocity in the stable boundary 
layer, along w ith the equations fo r the obstacle Froude number and Monin- 
Obukhov length. The Monin-Obukhov length scale is the height at which 
the mechanical shear production o f kinetic energy matches the dissipation
F itting  the measured velocity and temperature profiles in our stable 
boundary layer w ith the log-linear relationships gave values o f 4 and 4.2
respectively for the constants p u and 0 r , see Section 4.2. Putting these values
into the above expression indicates that as the stability increases the
obstacle Froude number tends to a value of about 2. So in atmospheric stable
boundary layers it  is unlikely that the obstacle Froude number w ill be less 
than 2, but Snyder has shown that for a value of 2.5, the near wake of the 
building is unaffected by the stratification. This indicates that the effect o f 
stratification on flow  around buildings is going to occur in the main wake 
region and further downstream but not in the recirculation zone. So 
elevated releases, that do not get involved in the near wake, are more like ly
to be affected by stratification than those at or below roof level.
Higson et al. (1995) carried out fie ld  experiments o f dispersion around a 2m 
cube in stable and unstable conditions. The source was positioned 20m 
upwind o f the cube and lm  above the ground. The cube was rotated so that 
the flow  was approximately normal to the upwind face during the 
measurement period. Concentration measurements were made on the 
surfaces o f the cube and on the wake centreline at an elevation o f lm , 
excluding those sample points on the roof. Particular attention was paid to 
the fluctuating components o f the dispersion enabling measurements to be 
made o f the residence time of concentrations in the recirculation region. It 
was found that it  may take up to five times as long for concentrations to fall 
to a low level in the stable boundary layer when compared to unstable 
co n d itio n s .
From the lim ited amount o f research that has been carried out on building 
affected dispersion in the stable boundary layer and from meteorology, it  
appears that the atmospheric boundary layer is seldom stable enough to
significantly affect the immediate flow  around the building. So the 
dispersion from releases at or below roof level is dominated by the 
mechanical turbulence generated by the building. Only in the far wake, 
where the concentrations are fa irly  insensitive to the release position, w ill 
the effects o f stratification be seen. However, when considering elevated 
releases o f say 1.5 times the building height, the plume does not become
involved in the immediate building wake, but is affected by the more 
external perturbations in the mean streamlines over the wake. These parts 
o f the wake are far more like ly to be affected by the stratification than the 
h igh ly  turbu lent rec ircu la tion  region.
due to buoyancy effects. As the stability
and the Froude number tends to:
(2.4)
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2 . 3 .  F l o w  a n d  d i s p e r s i o n  a r o u n d  g r o u p s  o f  b u i l d i n g s
2 . 3 . 1  F i e l d  a n d  m o d e l  s c a l e  s t u d i e s  o f  n u c l e a r  r e a c t o r  s i t e s
There has been a number o f fie ld and wind tunnel studies carried out on 
dispersion around a group o f buildings mainly in connection w ith the 
nuclear power industry. The firs t fu ll scale dispersion experiments 
involved releasing a visible smoke plume and observing its behaviour. Two 
such tests were carried out in the U K at Berkeley and Bradwell power 
stations (Davies and Moore, 1964). A fter this, a succession of large fie ld 
studies were carried out in the United States.
The EBR -II (Experimental Breeder Reactor) study was carried out to 
simulate an accidental release using a Uranine dye that was detected on five 
concentric arcs between 30 and 600m from the release point, during near 
neutral conditions (Dickson et al., 1969). The reactor complex was made up 
o f a number o f buildings varying in height from 4 to 29m. The results 
showed enhanced dispersion due to the wake of the building complex. The 
wake dispersion converged to the free atmospheric rate about 500m 
downwind o f the source. The corresponding wind tunnel study was carried
out at a 1:90 scale in neutrally stable flow, and simulated near fie ld effects 
up to 70m downwind. The axial concentrations o f the fie ld and wind tunnel 
trials collapsed very well over the lim ited range of model scale studied.
Subsequent studies began to take more interest in the elevated plume
behaviour to determine threshold wind speed values for a roof level source 
becoming significantly entrained in the building wake. The Peach Bottom 
study released smoke though a roof vent to visualise the plume, which 
remained elevated for wind speeds below 2.1 m/s (Dames and Moore, 1974). 
The M illstone study was conducted to quantify the entrainment o f a roof 
level released plume into the building wake, (Johnson et al., 1975). The 
results led to some useful relationships between the ratio U e/ U h and the 
percentage o f tracer remaining elevated, where U e is the vertical exit 
velocity o f the release.
The Racho Seco study was the first to release two tracer gases 
simultaneously so that dispersion from two separate sources could be 
evaluated during one experiment (Start et al., 1978). An o il fog was also
released during the runs fo r photographical documentation o f the plumes.
The dispersion experiments were carried out during conditions o f light 
wind and the Pasquill stab ility  category was determined by the temperature 
lapse rate. Four sampling arcs where used to sample ground level 
concentrations and five 30m towers were instrumented in an attempt to 
measure vertical concentrations. A very lim ited number o f samples were 
collected from the towers but the results were never analysed. From the 
ground level concentrations, values fo r <7V and <7Z were estimated which
were sign ificantly enhanced due to the building complex, which was in 
agreement w ith the observed smoke behaviour.
The 1:500 model scale study was carried out in the Colorado State University 
meteorological wind tunnel, having the capability o f simulating 
stratification effects (A llw ine  et al., 1980). Neutral, s lightly unstable and 
moderately stable boundary layers were set up in the tunnel, characteristic 
o f the atmospheric conditions during the fie ld  study.
There are two main problems associated w ith comparing non-dimensional 
concentrations between model and fu ll scale for the same release and
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sampling positions. F irstly, there may be mismatch in the wind direction 
and stratification, and secondly, large eddies that exist in the atmosphere 
causing plume meandering cannot be simulated in the wind tunnel. 
Interpolation methods between available data points can be used to aid 
comparisons in the former case, but to compensate for the meandering 
affects, specific experiments have been carried out on the dispersion of 
smoke plumes in the atmosphere (Hino, 1968). Hino found that the smoke 
cloud width increases at a rate proportional to the 1/2 power o f the 
observation time. Using this relationship it  was calculated that during the
Rancho Seco fie ld  studies the wind meandering effects reduced the one 
hour averaged concentrations by a factor o f 2.5. Talcing this into account, 
the wind tunnel results at best s till over predicted the fie ld  concentrations 
by a factor of 1.7. Eight wind directions at 45° increments were tested in the 
tunnel and it  was found that the dispersion was significantly enhanced i f  
the two cooling towers situated Northwest o f the reactor were either 
d irectly upwind or downwind o f the release point.
The EOCR fie ld study was very similar to that undertaken at the Rancho Seco 
site (Start et al., 1980) w ith the corresponding wind tunnel simulation 
carried out once again at Colorado State University. The seven sampling
arcs had radii ranging from 37 to 1600m, collecting samples released from 
ground, roof and stack level simultaneously. The stack height was 1.2 times 
the height o f the main building. Measurement o f the vertical 
concentrations profiles using instrumented masts again proved to be 
unsatisfactory and although some lidar data was taken it was never fu lly  
analysed. V isual smoke plume observations proved very useful showing
that releases at ground level in the cavity region, were swept up to roof 
level before streaming o ff downwind. An elevated Gaussian plume was 
assumed to model the dispersion and values for cry and o z were calculated 
from  the ground level concentrations. The vertical dispersion parameter
was found by the iterative solution o f the equation, derived from Equation
obtained from the fie ld  measurements and U ,0 is the 10m wind speed 
measured during each fie ld  experiment. The derivation o f this expression 
from the bi-Gaussian plume model, is given in Appendix 2. Problems were 
encountered because there are two solutions to the equation, either the 
plume is elevated and o z/ z p is small or the plume is low and a zl z p is large. It 
was not always possible to tell which root should be taken without more 
detailed inform ation on the plume structure.
The wind tunnel experiments (Hatcher et al 1978) enabled a complete range 
o f flow  directions to be studied whereas the fie ld studies corresponding to 
flow  directions prevailing at the time. The wind tunnel study used an o il 
f ilm  technique to help determine the nature of the flow  fie ld  at the surface 
around the buildings. Tests were carried out for the eight wind directions 
shown in Figure 2.4, w ith and without the auxiliary buildings present. The 
presence o f the auxiliary buildings had little  or no effect on the separation 
and reattachment o f the flow  on the main reactor, but for cases where the 
tank and silo were to the side o f the reactor the width of the wake was
(2 . 1 ):
(2 .5)
where the ground level cross wind integrated concentration
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increased by up to 40%. Smoke releases showed that the near wake flows 
were not s ign ificantly  affected by stratification except during strongly 
stable conditions where smoke from a ground level release would lie almost 
stagnant on the floor.
Generally it  was found that in the wake of the complex structure, dispersion 
from ground level releases is enhanced both horizontally and vertica lly, 
but fo r stack releases the dispersion was only significantly enhanced in 
the vertical plane. By about eight building heights downwind the 
dispersion was independent o f both release position and building 
orientation, and after 15 building heights the rate of dispersion was 
unaffected by the complex. Non dimensional concentration levels increased 
s ligh tly  w ith  stratification. A comprehensive comparison has not been 
made between fu ll and model scale studies, but in the near fie ld the 
agreement was w ith in an order o f magnitude.
The Duane Arnold Energy Centre study was carried out to improve the 
understanding o f the behaviour o f plumes released at roof level (T hu illie r 
and Mancuso 1980). Bag samplers were placed in arcs having radii of 300 
and 1000m and the plume was scanned with the lidar to evaluate the three 
dimensional concentration d istribution. The lida r data was rather patchy 
and was not always in good agreement with the bag sampler profiles. The 
Pasquill stab ility  category was calculated using five different methods in 
this study which sometimes produced very different results. The method 
using temperature lapse rate alone was the least recommended. The results 
showed that dispersion parameters were very sensitive to both source 
position and wind direction.
In the last three fie ld studies that have been discussed most o f the 
dispersion experiments were carried out in ligh t wind conditions, with 
significant fluctuations in the wind direction. This resulted in a few runs 
fa lling  into each o f the stability categories, which, w ith the large natural 
va riab ility  o f the concentrations, could only really give qualitative 
information. The CEGB decided that it would be more beneficial to 
investigate dispersion from roof and ground level sources under simpler, 
near neutral, meteorological conditions. The Oldbury power station site, 
near Bristo l in the UK was chosen because of the flatness of the 
surrounding terrain, and because the building effects were like ly  to be 
dominated by the single, large reactor building (Foster and Robins 1986).
Simultaneous releases of both smoke and SF6 were made so that the elevated
plume could be scanned w ith the lidar, and the ground level concentrations
measured using bag samplers. Calibration o f the lidar was achieved by 
comparing the low level scans with the bag sampler concentrations and 
this comparison also provided a check on the general quality o f the data. 
These calibration profile shapes showed good agreement and the quality o f
the lidar data was much better than the Duane Arnold study, partly because
the standard deviation in wind direction during the Oldbury experiments 
was much lower. A diagram of the source positions and wind directions for 
the Oldbury power station is shown in Figure 2.5. The agreement between 
fu ll and model scale vertical concentration contours was w ith in 25% for 
source positions 2 &  3 but not quite so close for the ground level source. A t 
fu ll scale the peak in the vertical concentration profile rose slightly as it 
travelled downwind in the near wake although the plume certainly did not 
leave the ground. This effect was not observed in the wind tunnel and may 
have been caused by heat loss from the surface of the reactor. This would 
tie in w ith the fact that this plume centre line rise was not observed under 
the higher wind speed fie ld studies.
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For the wind tunnel study the variation o f the peak ground level 
concentration w ith distance, wind direction and source position are shown 
in Figure 2.6. It can be clearly seen that the sensitivity o f ground level 
concentrations to the source position decreases with increasing distance 
downwind. In the far wake the concentrations are affected predominantly 
by the width o f the building wake, thus, the peak values are obtained at 90° 
which corresponds to the wind direction seeing the m inimum reactor 
frontal area. A t x l H b - 2  the ground level concentrations vary by a factor o f 
20 depending on the source position and wind angle, and it is unrealistic to 
expect re latively simple dispersion models to predict this behaviour.
However after 10 building heights downwind the effects o f source position 
have become much less significant, enabling the model predictions to be 
more accurate.
The next fie ld study carried out by the CEGB was at the Hinkley Point Power 
station situated on the south bank of the Bristol Channel, in the UK 
(Macdonald et al, 1988). This site was more complex than Oldbury since 
there are three dominant 50m reactor buildings, (two fo r station 'A ' and one
wider one fo r station 'B'), which enabled the effects o f building wake 
interaction to be investigated for some wind directions. However the main 
difference from the previous study was that many of the releases were 
buoyant and were emitted from a stack terminating at roof level on the 
north, generally upwind, build ing face. Thirteen fie ld trails were carried 
out in wind speeds ranging from 2.4 to 12.7m/s. Five o f the light wind trials 
were conducted in s lightly non-neutral stab ility , but the complementary 
wind tunnel study only simulated a neutral boundary layer. Much of the 
analysis has centred around the effect o f wind speed on the non- 
dimensional ground level concentrations fo r the buoyant plume compared 
w ith passive releases (which are essentially independent o f wind speed). 
The wind tunnel experiments showed clearly that for buoyant plumes there 
was an increase in ground level concentrations with wind speed until the 
effect o f buoyancy became so insignificant that the plume acted as a 
passive release. An example o f this behaviour is shown in Figure 2.7. The 
fie ld  data showed a sim ilar trend but w ith more scatter and generally lower 
concentration levels, which was expected due to wind meandering affects 
observed during the experiments.
16 wind directions spaced by 22.5° increments were investigated in the 
wind tunnel study for a passive release from the 'A ' station reactor w ithout
station 'B ' present. The highest ground level concentrations were measured
when the wind direction was at 45° to the face of the square reactor 
build ing which demonstrates the strength o f the roof vortices at this flow  
angle. A  few experiments were carried out w ith station 'B' 6 building 
heights downwind o f 'A', and it was found that the ground level 
concentrations were reduced by 20%. This reduction in concentration was 
caused by the plume being spread as it passed around station 'B'.
Dispersion around a typical Advanced Gas-Cooled Reactor (AGR) site, where 
the reactor and turbine hall complex dominate the dispersion, was studied 
by Fackrell and Robins (1981). Two 1:300 scale models were tested, one 
simple, and the other a more detailed version so that the local effects due to 
the auxiliary buildings could be assessed. This study measured fluctuations 
in the concentrations as well as the averaged values and it was found that 
in the near wake the r.m.s. values are comparable to the mean, indicating 
the very unsteady nature o f the near wake flow .
The time averaged concentrations in the cavity were not found to be very 
uniform  close to the building when the source was w ithin the recirculation
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region, but fo r entrained plumes the concentrations were more evenly 
distributed. Peak local concentrations were observed when the plume was
advected directly from the source to the receptor, or when the source and
receptor were both in the upstream recirculation region, or when the
receptor was w ith in  the cavity region and the plume was entrained or 
emitted into it.
To investigate the residence time for pollutants trapped in the recirculation 
region, short releases were made from a ground level source w ith in  the 
cavity w h ils t measuring instantaneous concentrations w ith a fast response 
flame ionisation detector. This experiment was automated so that the 
concentrations could be ensemble averaged over many identical 
realisations o f the experiment. The time constant for the exponential decay 
o f the concentration levels was found to be between 8 and 10 times the 
characteristic time scale for the flow given by H h /U h, where U h is the 
velocity at the build ing height.
A ll these fie ld  and wind tunnel studies around groups o f buildings have 
considered releases just above roof level or below. In this situation the 
plume becomes involved in the highly turbulent region in the lee o f the 
building which rapidly spreads the plume to sim ilar dimensions to that o f
the building. This behaviour is not true o f more elevated releases which 
only become entrained into the wake further downstream. Dispersion from 
elevated releases over the Sellafield site owned by British Nuclear Fuels Ltd, 
has been studied at fu ll and model scale, in an attempt to assess the long 
term effect. A  wind tunnel study was carried out in the BM T tunnel which 
considered ground level concentrations fo r releases from four d ifferent 
stacks under three different wind directions selected to take the plume 
directly over locations o f concern. The ground level concentrations over 
the site were compared to the R91 model to obtain the effective height of 
these stacks. This method is not the most reliable way of determining the 
effective stack height since it assumes that the dispersion characteristics 
in the undisturbed wind tunnel boundary layer are identical to the R91 
model. In the report, no mention was made that this assumption had been 
verified by dispersion measurements in the absence o f the site. Their study 
found that the effective height o f B204 was 50-70% o f its physical height, 
depending on the direction o f the approaching neutral boundary layer.
2.3 .2  Field and model studies in built up areas.
Bachlin and Plate (1988) carried out some research on dispersion w ith in a
typical industrial site in West Germany. W ind tunnel studies showed that 
the dispersion is affected by the complex flow  conditions near the
buildings, the angle between the main street and wind direction and the
roughness o f the industrial area. For the wind parallel to the main street
direction, the peak ground level concentrations are increased by a factor o f
2.5, when compared to uniform roughness. When the wind is at 45° to the 
dominant street direction the maximum concentrations were s im ilar to 
those for uniform roughness, but the plume axis was shifted. The change in
plume axis was more pronounced when the source and sampling points 
were closer to the ground. The subsequent fie ld studies showed very good 
agreement between non dimensional concentrations, confirm ing the 
valid ity o f model scale studies (Bachlin et al 1991). No investigation was 
made using a non-neutral boundary layer since the d iffusion was assumed 
to be dominated by the mechanical turbulence generated by the complex.
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Concentration levels on the faces o f building blocks separated by street 
canyons and avenues running perpendicular to one another, has been 
studied at model scale by Dabberdt and Hoydysh (1991). A  line source was 
used up the centre o f the street under investigation. It  was found that for 
rectangular blocks the maximum concentration was found at the m idpoint 
o f the street side surface o f the block, but fo r square blocks the maximum 
occurred at the ends.
Field experiments were carried out by Davidson et al. (1995) to investigate 
the dispersion o f a neutrally buoyant plume released upwind o f an array o f 
2m cubes. The release was below the height o f the obstacles, and a second 
control plume was released alongside the array, so that the effect o f the 
array on the dispersion could readily be determined. It was found that the 
form o f the cross-sectional profiles, the decay along the centreline and the 
lateral growth o f the plume were unaffected by the presence o f the array. 
However, the mean vertical extent o f the plume was increased by 40-50%.
A ll these previous studies used release heights at or below the obstacle 
height and one would expect their findings to be quite different i f  they 
used an elevated release above the centre o f the building array.
2 .4 .  A n aly tical M odels of bu ild ing  affected d ispersion .
This section reviews the existing flow  and dispersion models currently used 
to estimate concentrations downstream o f a release. They range from 
simple Gaussian models to those involving modelling o f the Navier Stokes 
equations. The latter are often referred to as computational flu id  dynamics 
models.
2.4 .1  Gaussian models with modified dispersion param eters
2.4.1.1 A modified Gaussian model.
The Gaussian model is one of the well known simple dispersion models to 
predict the concentration in a plume as it is advected downwind. The model 
assumes that concentrations in both vertical and horizontal directions at a
given downstream cross section have a Gaussian distribution about the 
plume centreline. The increase in the cross sectional size o f the plume as it 
travels downwind is modelled by increasing the standard deviation
parameters, <jy and cr., whilst decreasing the magnitude o f the 
concentrations to satisfy continuity. Often the ground level centreline 
concentrations are of most interest when deciding on the pollution hazard 
associated with a particular release. The Gaussian equation fo r the
centreline ground level concentrations is obtained by setting z=0 and y=0 in
Equation (2.1), which simplifies to:
C -   2 ------- exp
iuivec(y y(j z (2 .6)
where crv and crz are functions o f the downstream distance and z is the) i P
plume centreline height. To enable the Gaussian plume model to represent
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dispersion in the wake o f a building the dispersion parameters Gyj gz and z p 
are modified, and it is the way in which this is achieved that differentiates 
the models. So fo r the building affected dispersion case the centreline 
ground level concentration becomes:
C Q
KUadvecG'yo z
7 exp ci>
2o\'2 (2.7)
where the modified parameters have been primed.
2 . 4 . 1 . 2  V i r t u a l  s o u r c e  m o d e l ,  ( e . g . :  B a r k e r ,  1 9 8 2 )
The Barker model is representative o f virtual source models that simulate 
the enhanced spread o f the plume using virtual origins that are upwind o f
the actual source position for releases below roof level. The upwind location
o f the virtual source, a 0>.} is matched so that:
ay(xoy) = Wb/ 3  (2.8)
and xoz is found by satisfying the equation:
oz(xoz) =  Hb /  3 (2.9)
I t  is clear that the virtua l position for the horizontal and vertical spreads 
w ill usually be different. Once these positions have been found the modified 
dispersion parameters are calculated using the fo llow ing  equations:
g/(x) = cry (x+xoy) (2 .1 0 )
gz'(x) = gz ( a + a o;)  ( 2 . 1 1 )
Because o f the intense mixing that goes on in the near wake o f the building
this model assumes a fixed virtual source height for any emission at or
below roof level given by:
zp' = Hbl  3 - (2.12)
It is important to remember that this approach does not model the complex 
flow  pattern in the near wake, but assumes that the pollutant is being 
advected downwind by a uniform air stream. Thus, prediction o f 
concentrations immediately behind the building are bound to be suspect.
2 . 4 . 1 . 3  S i m p l e  m u l t i - r e g i o n  m o d e l s ,  ( e . g . :  H u b e r  S n y d e r ,  1 9 8 2 )
The Huber-Snyder model splits the wake up into three regions, the near 
wake, the main wake and the far wake. No prediction is made for the near 
wake region, x < H b but for the main wake, x  between 3 and 10 H b it assumes 
that the building effects are dominant. Thus the equation for the dispersion 
parameters in this region are independent o f the incident flow , and are 
approximated as:
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<7y = <2 +  35
r \ - ‘-8 x
a ,  = {2  + 35
f  v 1-8 x
V».7
0.5
► (2.13)
0.5
’ ct2 (2.14)
Beyond the main wake x > 10 H b the model reverts to using a virtual source 
model:
cr/(x) = <7y (x+xoy) (2.15)
cr/(x ) = oz (x+xoz) (2.16)
calculating the v irtua l origins from the fo llow ing equations:
< 7 ,(1 0 Hb + xQy) = 1.6 o > ( 1 0 Hb) (2.17)
ctz( 1 OHb + xoz) =  1.6 <rz(lOHb) (2.18)
The model recommends that the actual source height be used fo r z,,', and for 
source heights above roof level it suggest that only the vertical dispersion 
parameter u z, should be enhanced.
2.4 .2  Integral model near wake, (e.g. Robins et al, 1996) UK- 
ADMS
The integral model divides the flow  into a number o f zones including, the 
near wake, located between the lee building face and the downstream 
extent o f the recirculation region, and the main wake beyond this. The
near wake is modelled as a region o f uniform concentration in a time 
averaged sense since it  is well mixed by the high turbulence intensities and
the recirculation motion. A schematic diagram is shown in Figure 2.8. for 
the situation where the source is located w ith in the cavity region. The 
pollution that escapes from the cavity due to advection by the mean flow  
and turbulent transport across the boundary can be expressed as a flux 
(u nc) acting over the surface area (A R) o f the recirculation region. Thus:
Qou, = u„c AR (2.19)
The flow  around the obstacle is assumed to dominate external 
conditions, so the flux can be written as:
u„c = ccUCR (2.20)
where d  is a dimensionless factor which depends on the geometry and
approach flow  characteristics and can be related to the mean residence
time for material in the cavity. Thus the equation for Qout becomes:
Qout = (X U Cr Ar (2.21)
In steady state conditions:
Q = Qo, (2.22)
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I f  the source o f pollution is suddenly removed, concentration levels in the 
region w ill decay according to:
4 C * V4  = - o A RU CR (2.23)
dt
W hich has the solution:
Cg(>) = CR( 0 ) e T" (2.24)
whe r e :
T. = — i—  (2.25)
* aAKU
This is an exponential decay having a time constant T R that is dependent on 
the shape and size o f the cavity and is inversely proportional to the wind
speed. In the steady state the mean concentration in the region is given by:
C R = (2.26)
which can be expressed in non-dimensional form as
X r =  P f r  (2-27)
A r
w h e r e
= ; (2.28)
is the non-dimensional concentration,
H bWbL R .ft -  ■ (2.29)
Vr
is a shape factor for the recirculating flow  region,
Ar = i t ;  (2 .30 )
H b
is the dimensionless recirculation length and
t s = (2.31)
riilb
is the non-dimensional time constant. Thus, X r ls directly related to the 
non-dimensional time constant and recirculation length. This theory 
applies to situations were the width o f the building is less than five times its 
height. For wider buildings the plume w ill not f i l l  the whole cavity and so
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the concentration w ith in the recirculation region becomes a function of 
lateral position.
I f  the source is outside the cavity region additional features are needed to 
represent the entrainment o f the plume into the cavity region, see Figure 
2.9. Follow ing Puttock and Hunt (1979), the mean concentration w ith in the 
region is assumed to be equal to the average concentration at the boundary 
o f the recirculation zone. The concentration fie ld  downstream o f the 
recirculation region is modelled as a ground based plume emitted from the 
cavity zone and an elevated plume at reduced mean height containing the 
remainder o f the stack emission that was not entrained into the near wake.
2.4.3 A 3D small perturbations wake model
The main wake model presented here is a simplified 3D version o f the small 
deficit wake model proposed by Counihan et al (1974). The model is based on 
a momentum dominated wake, so all the coherent vortic ity  generated by the 
building is assumed to be broken down very quickly. This w ill be much 
more true o f buildings normal to the flow  than for the diagonal cases. A fu ll 
derivation o f this simplified wake model is given in Appendix 3.
The main wake is modelled using a constant eddy viscosity defined by the 
upstream flow  conditions. Away from the immediate v ic in ity  o f the ground 
and su ffic ien tly  far downstream o f the recirculation region the only 
available length scale is the downstream distance a , and it is postulated that 
the wake structure w ill be o f a self preserving form. This means that all the 
flow  variables, when suitably non-dimensionalised, are functions only o f 
the s im ila rity  variables. The three s im ila rity  variables, which are 
effective ly non dimensional forms o f the wake co-ordinates, are as follows:
« = 7 T  # = t L ? = 7~ (2.32)tib v L.
where L y and L . are lateral and vertical length scales in the wake that are 
function o f downstream distance. The second order d ifferentia l equation 
that we seek a solution for is:
du d 2u . d 2u /o oon
- ( }
where U is the approach flow  velocity and u is the perturbed velocity in the 
wake that decays to zero far downstream. ky and k. are the eddy viscosities 
that are assumed constant throughout the wake. kz = k i u H b and ky is 
normally taken between 1 and 2  times k z.
The postulated sim ilarity solution for the velocity deficit in the wake has 
the form:
u =  uQ( O H ( 7 ]  O  (2.34)
where u 0 is the magnitude o f the disturbance that decays w ith downstream 
distance, and H is a function o f both 77 and £. It is possible to predict the 
decay o f u 0 w ith downstream distance for a boundary layer approach flow , 
but we only have a simple analytical solution for H when the approach flow  
is uniform . Assuming a uniform approach flow  is the major sim plification
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in this 3D wake model. From the analysis shown in the appendix, it was 
found that:
Decay rate Lateral^   ^Vertical ^
u = u e 'nYfy'+i (2 .35)
where u is a constant which is related to the couple that the flow  exerts on 
the building. The length scales in the wake are given by:
± L =  i x = I J M .  (2.36)
H b p bU„ H b )  H bUb
The eddy viscosity model enables us to obtain the perturbation shear stress 
in the wake by differentiating u w.r.t. height. The equation then becomes:
Decay rate
/—A—v Lateral Vertical profile
T xz= u k z 1 - —  e~"%  (2.37)
Z
The perturbations in i r  and w 2 are assumed to behave in a sim ilar manner 
to the shear stress so:
A i r  = Aj t  v, and Aw2 = X2txz (2 .38)
Typical values o f and A2 ai'e 5 and 1.5 respectively in an atmospheric 
boundary layer as quoted from Counihan et al (1974).
2.4 .4  Com putational fluid dynamics models
The complexity o f flu id  flow  is such that forecasting the path o f each 
individual eddy in a flow , (D irect numerical simulation), is only possible for 
very simple geometries. The most common way to sim plify the problem is to 
express the flow  statistically rather than in a time dependent way. Thus, the 
time averaged velocity and turbulence intensity is calculated at each point, 
just the same as would be obtained by placing a hot wire probe in the flow  
and averaging for a suffic iently long time. This method attempts to solve 
the time averaged Reynolds equation, but this leads to the- well known 
turbulence closure problem, because there are more unknowns than 
equations. To close the system o f equations, some of the missing variables 
need to be parameterized in terms o f known quantities. For firs t order 
closure the Reynolds stresses are modelled as the product o f mean velocity 
gradient and an appropriate eddy viscosity. A number o f alternatives have 
been postulated for obtaining a reasonable estimate o f the local eddy 
viscosity, one of which is known as the k-£  model. This method is sometimes 
denoted a “ one and a h a lf ’ order closure, since it uses two additional second 
order equations to calculate the turbulent kinetic energy and the 
dissipation rate. M odelling the boundary conditions at the edges of the flow  
and using a suitable grid, computation can be iterated through to obtain a 
stable solution.
The Large Eddy Simulation (LES) method is based on two fundamental 
observations, namely that the large scale structures o f turbulent flow  vary 
greatly from flow  to flow , and in contrast, the smaller scale structures are 
more universal in character and therefore amenable to general modelling.
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I f  the f low  variab les  in a mesh are allow ed to vary with time, the flow field 
can be com p u ted  fo r  a series o f  t im e steps so that large s truc tu res ,  b igger  
than  tw o grid  spac ings ,  can be reso lved . A ny fea tures  sm alle r  than  tw o 
t im es  the  grid  size m ust  be  pa ram eterized  us ing  a suitab le  m ethod  such  as 
the  S m a g o r in sk y  m odel. L ES is som ew here  b e tw een  tim e  av eraged  k - £  type
m o d e ls  and  d ire c t  n u m e r ic a l  s im u la t ion . A f te r  the  b o u n d a ry  co n d i t io n s  
h av e  b een  in i t ia l ised ,  the  tu rbu len t  m otions  are  'k ick ' s ta r ted  by im p o s in g  a 
p seu d o  ra n d o m  tem p era tu re  or ve loc ity  per tu rb a t io n  for  ju s t  a  few  t im e  
steps. T he code  is then run until the flow settles dow n to a regu la r  pa ttern  
e.g. i f  f low  past a ch im ney  w ere being  s im ulated , there w ould  be  a series o f  
v o r t ices  be in g  shed  from  a lte rna te  sides o f  the ch im ney.
B e n o d e k a r  et al (1984) d eve loped  a m odel for  p red ic t ing  the  n ear-f ie ld  
d isp e rsa l  o f  re leases  f ro m  a bu i ld in g  in a non -neu tra l  bo u n d ary  layer. T he
tu rb u le n c e  w as m a th e m a t ic a l ly  r ep re sen ted  by a k -  8 type m odel w hose 
e qua tions  w ere  m ade  to be func tions  o f  the f lux  R ichardson  num ber .  This 
e n a b le d  the  m ode l to acco u n t  fo r  the b uoyancy  effects  tha t  e i th e r  e n h an ce  
or d am p en  the  tu rb u len t  en e rg y  in the  flow . H ow ever ,  the  tu rb u le n t  eddy  
v iscos i ty  was taken  to be  iso trop ic ,  m ean ing  that the eddy v iscosity  at a 
g iv en  p o in t  w as in d e p e n d e n t  o f  d irec t ion . This  s im p lif ica t ion  does no t
c o m p le te ly  re p re s e n t  the  e f fe c t  o f  s t ra t i f ic a t io n ,  b ecau se  p r im a r i ly  the  
b u o y a n c y  fo rces  ac t on ly  upon  the  v er t ica l  f luc tu a t io n s .  S in ce  tu rb u le n c e  
is th ree  d im en s io n a l ,  f luc tu a t io n s  in the  h o r izon ta l  p lanes  will fee l  the 
e f fe c t  o f  ch an g es  in the ve r t ica l  co m ponen t.  F o r  the sca la r  c o n c e n tra t io n s  
a d is t in c t io n  was m ade  b e tw een  the la teral  and vertica l d if fus iv i t ies  so as to 
m o re  fa i th fu l ly  rep re sen t  the real b eh av io u r  o f  p lum es in a  s tab le  
b o u n d a r y  la y e r .
F o r  som e tim e  yet it is com ple te ly  im prac tica l to use co m p u ta tiona l  fluid 
d y n am ics  to in v es t iga te  flow  and d ispers ion  around  a com plex  site  l ike  that
o f  Se llafie ld .  To invest iga te  these  effects , it is necessary  to use  physica l 
m od e l l in g ,  so that the  beh av io u r  o f  the p lum e can be de te rm ined ,  and the 
r e s u l t in g  g ro u n d  lev e l  c o n c e n t r a t io n s  p re d ic te d .
2.5 The context of this present project.
In Section  2 .3 .1 , we considered  a w hole  series o f  field  and w ind  tunnel 
d isp e rs io n  s tud ies  w h ich  w ere  ca rr ied  ou t a round  n u c lea r  p o w e r  p lan t,  in 
bo th  A m er ica  and the UK. All o f  these  considered  releases ju s t  above  roo f  
level o r  b e lo w , genera lly  u s ing  pass ive  tracers . In  this s i tua t ion  the  p lum e  
b eco m es  in v o lv ed  in the h igh ly  tu rbu len t  reg ion  in the lee  o f  the  bu ild ing , 
w h ich  rap id ly  spreads the p lum e to s im ila r  d im ensions to tha t o f  the
bu ild ing . T h is  b e h av io u r  is not true of  m ore  e leva ted  re leases ,  w h ich  only
b e c o m e  e n t ra in e d  in to  the  w ake  fu r th e r  d o w n s tream . P re v io u s  re sea rch  
c a r r ied  ou t fo r  B ri t ish  N u c lea r  Fuels  L td , has considered  e lev a ted  re leases  
over  its Sellafie ld  site in C um bria  at m odel scale in the B M T  wind tunnel, 
w h e re  the  site  caused  a s ign if ican t  dec rease  in  the e f fec t iv e  he ig h ts  o f
th e i r  s ta c k s .
In d isp e rs io n  m ode ll ing  it is im portan t  to apprec ia te  w ha t the e ffec t  o f  the 
m ost  local b u i ld ing  is, co m p ared  to that o f  the  w hole  su rround ing  site. If, 
fo r  e x am p le ,  a loca l b u i ld in g  d o m in a tes  the  d isp e rs io n  b eh av io u r ,  then  
neg lec t in g  the e ffec t  o f  the su rround ing  com plex  site is a va lid  
ap p ro x im a tio n .  O ne  o f  our  p ro jec t  ob jec tives  was to gain  fu r th e r  
u n d e rs ta n d in g  into how  su r ro u n d in g  bu ild in g s ,  such as those  on  the 
S e l la f ie ld  site , a ffec t  the d ispe rs ion  from  an e levated  re lease  over  a  s ing le
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build ing . B 2 0 4  was chosen  as the single build ing  since it is a cuboid ,  c lose  to 
the cen tre  o f  the site, and a re lease  o f  in terest  to BNFL. F irstly , g round  level 
c o n c e n tra t io n s  w ere  m easu red  fo r  a range  o f  e leva ted  re lease  he ig h ts  o v e r  
a 1:500 sca le  m odel o f  B 204 with no su rround ing  bu ild ings  or  topography . 
T h e  e f fec t  o f  be ing  su rrounded  by e igh t  iden tica l  b u ild ings  w as  then  
co n s id e red  fo r  var ious  spac ings ,  befo re  m oving  on to the full S e l la f ie ld  site. 
G ro u n d  lev e l  c o n c e n tra t io n  m easu rem en ts  m ade  over  the site  w ere  
co m p ared  to those  p rev iously  obta ined  in the B M T  tunnel. O ur study  then 
w en t  on to co n s id e r  the effec ts  o f  s tab le  s tra tif ica tion  on e leva ted  re leases  
o v e r  gener ic  b u i ld in g  g roups , and the S e lla f ie ld  site. T he  resu lts  w ere  
an a ly sed  in  te rm s o f  e ffec tive  s tack  he igh ts  in both  the neu tra l  and s tab le  
b o u n d a ry  lay e rs ,  by c o m p a r in g  the m a x im u m  g round  level c o n c e n t ra t io n  
w ith  th o se  o b ta in e d  fo r  re lea se s  in the resp ec t iv e  u n d is tu rb ed  b o u n d a ry  
l a y e r s .
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Streamline pattern on the cube centre-line
INCIOENT WINO PROFILE REATTACHMENT LINES ON ROOF AND SIDES
LATERAL EOGE AND ELEVATED VORTEX PAIR
CAVITY ZONE
MEAN CAVITY REATTACHMENT LINE
TURBULENTWAKE
HORSESHOE SYSTEM AND SEPARATION
Figure 2.1. Mean flow pattern around a cube normal to the 
incident low.
F ro m  F o s te r  and  R o b in s  (1 9 8 6 )
2 4
Figure 2.2. Mean flow pattern around a cube at 45° to the 
incident flow.
From Foster and Robins (1986)
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Figure 2.4. Schematic of EOCR reactor site plan showing approach 
flows investigated in the wind tunnel study.
(Hatcher et al 1978)
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Figure 2.5. Oldbury Power station site plan and elevation showing 
source positions and defining wind direction
F ro m  F o s te r  a nd  R o b in s  (1 9 8 6 )
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Figure 2.6. Variation of peak non dimensional ground level 
concentration with downstream distance, wind direction and 
source position for the Oldbury Power station. The numbers 
shown in the plots denote the source positions, see Figure 2.5
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Figure 2.7. Variation of non dimensional ground level 
concentration with wind speed 600m downstream for wind 
directions 0, 22.5, and 270° for the Hinkley Point Power station 
study. The non buoyant release results are indicated by the 
arrow.
Wind tunnel data from Macdonald et al (1988)
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Figure 2.8. Simplified representation of dispersion processes in the 
recirculation region behind a building where the source is 
located within the cavity.
Plume height controlled by 
emission conditions and 
mean flow downwash in wake
Xb Lr
Figure 2.9. Simplified representation of dispersion in the wake of 
a building for an elevated release
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Chapter 3. Apparatus and techniques
3.1 Introduction
This  s tudy  inves tiga tes  the  e ffec t  o f  g roups o f  bu ild ings  on e leva ted  
re leases ,  m ov in g  on to co n s id e r  the  effec t o f  the en tire  industr ia l  site at 
Se lla f ie ld .  This  task  is far  beyond  the limits o f  com pu ta t iona l  F lu id  
D y nam ics  fo r  som e tim e yet, because  o f  the com plex ity  o f  the site. S im p le r  
G auss ian  p lum e  based  m odels  could  be used, but it is the pu rpose  o f  this 
s tudy  to im p ro v e  th e ir  p e r fo rm a n c e ,  w hich  can  nev e r  be d o n e  by ru n n in g  
these  m o d e ls  them se lves .  C lear ly ,  w hat is needed  is accu ra te  e x p e r im e n ta l  
da ta  th a t  w ill shed  light on the sensitiv ity  o f  ground  level c o n cen tra t io n s  to 
the co n f ig u ra t io n  and s ize  o f  the  bu ild ing  g roup  above  w h ich  the  re lease  is 
m ade. T h is  could  be ach ieved  by conducting  a field study, bu t the  cost w ould  
be en o rm o u s ,  and added  to that w ou ld  be the d iff icu lty  in o b ta in ing  
c o n s is te n t  ap p ro ach  f low  c o n d i t io n s  to co m p are  the d isp e rs io n  e f fec t  o f  
d i f fe re n t  b u i ld in g  groups.  T h e  m o s t  p rac t ica l  way o f  a n sw e r in g  these  
p e r t in e n t  q u es tions ,  is to u se  a w ind  tunnel to inves t iga te  the various 
b u i ld in g  g ro u p s  at m odel scale .
T h is  c h a p te r  desc r ibes  the  E nF lo  w ind  tunnel at the U n ivers i ty  o f  Surrey , 
a long  w ith  the in s tru m en ta t io n  and con tro l sys tem s used  to ob ta in  the d a ta  
p re sen ted  in this s tudy. S ince  at the co m m en cem en t  o f  the p ro je c t  this 
w h o le  fac il i ty  had  ju s t  been  m o v ed  from  its p rev ious hom e in L ea th e rh ead  
(ow ned  by the  C E G B ), there  was a considerab le  am oun t o f  d ev e lo p m en t  and 
c o m m is s io n in g  w o rk  req u ired  b e fo re  serious m easu rem en ts  c o u ld  be m ade .
3.2 EnFlo Stratified flow Wind Tunnel
All the  m easu rem en ts  o f  f low  and d ispers ion  were carried  ou t in the E nF lo  
w ind tunne l at the  U nivers ity  o f  Surrey , see F igure  3.1. This is an open 
c ircu it  tunne l  with  a w ork ing  section  area o f  3.5 x 1.5m tall and  a length  o f  
20m . T h is  tunnel has the capab il i ty  o f  se tt ing  up s tab le  and c o n v ec t iv e  
f low s by  co n tro l l in g  the  in le t  tem p era tu re  p ro f i le  and  the  su rface  
te m p e ra tu re s  in s id e  the tunne l .  T h e  in le t  hea te rs  are p a r t i t io n e d  into 15 
d if fe ren t  levels ,  each o f  w hich  has  a c losed  loop co n tro l le r  to m ain ta in  the 
dem an d ed  f low  tem pera tu re  at that level. 18 o f  the 40  f loor pane ls  can be 
c o o led  by c ircu la t in g  ch i l led  w a te r  th rough  them . 20 o f  the  rem a in in g  
floo r  p a n e ls  can be  e lec tr ica l ly  h ea ted  with c lo sed  loop  te m p e ra tu re  
con tro l.  T h e  tunnel is cons truc ted  in such a w ay that all the pane ls  are 
in te rch an g eab le ,  so that hea ting  or coo ling  of  the f low  can be  ach iev ed  at a 
g iven  loca tion . A f te r  the a ir  has trave lled  dow n the tunnel, it passes  
th ro u g h  a hea t  exchanger ,  to cool the  flow to am bien t  tem p era tu re ,  b e fo re
e x h a u s t in g  it in to  the  lab o ra to ry .
O b v io u s ly  a neu tra l  f low  can  be  ach ieved  by runn ing  the  tu n n e l  w ith o u t  
any h e a t in g  or  coo ling .  T o  s im u la te  a typ ica l  neu tra l  a tm o sp h e r ic  b o u n d a ry  
layer, the  m ethod  deve loped  by C oun ihan  (1969) was used. T h is  system  
consis ts  o f  a cas te l la ted  b a rr ie r  w all ,  w hich crea ted  a m o m e n tu m  defic it ,  
and  se v e n  q u a r te r - e l l ip t ic  v o r t ic i ty  g e n e ra to rs  p la c e d  n e a r  th e  b e g in n in g  
o f  the w o rk in g  sec tion , see  F igu re  3.2. The roughness  e lem en ts  used  in the
neu tra l  b o u n d a ry  layer  w e re  m ade  ou t  o f  a lum in ium  sheet th a t  had the
edges tu rn ed  as show n in the F igure .  The s taggered  row s o f  ro u g h n ess  
e lem en ts  w ere  spaced  by 0 .1 8 m  in the  flow direction . B eyond  an in itia l
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d e v e lo p m e n t  fe tch , this p roduced  a l m  deep  boundary  layer, w h ich  at the 
m odel sca le  o f  1:500 used in this project,  corresponds to 500m. This  is qu ite  
typ ica l  o f  w hat  one  w ou ld  obse rve  in the a tm osphere  for n eu tra l  s tab il i ty .  
D e ta i le d  m e a su re m e n ts  o f  the  b o u n d a ry  lay e r  ch a ra c te r is t ic s  a re  g iv en  in 
S ec t io n  4 .2 .
T o  s im u la te  the  s tab le  bo u n d ary  laye r  w hich  has been  c h a ra c te r ise d  in 
S ec tion  4 .2 , a un ifo rm  tem pera tu re  f low  o f  60°C was passed  over  a cooled 
f lo o r  w h ich  began  9m d o w n s tream  o f  the in le t  heaters . T he  f ree  s tream  
speed  w as set to 1 .35m/s for all the stable runs. To achieve  a un ifo rm  
te m p e ra tu re  p ro f i le  at the s tart  o f  the  coo l in g  panels , the te m p e ra tu re  o f  
the  lo w es t  th ree  in le t  heaters  had to be increased  to co m p e n sa te  fo r  h ea t  
loss to the f loo r  ups tream  o f  the coo ling  panels . 6m dow nstream  o f  the start 
o f  the  co o l in g  panels ,  a s tab le  boundary  layer, having  a depth  o f  a round  
2 0 0 m m , w as dev e lo p ed .  To ensu re  tha t the flow rem ained  ae ro d y n a m ic a l ly  
rou g h  in the  s tab le  bo u n d ary  layer ,  the  h e ig h t  o f  the  ro u g h n ess  e lem en ts  
w as in c rea sed  from  10mm, used  in the  neutral  boundary  layer, to 20 mm.
T h e  new  pa tte rn  o f  the roughness  was e lem ents  o f  80m m  w ide  spaced  on 
2 4 0 m m  cen tre s  w ith  the s taggered  row s 2 4 0 m m  apart in the s t ream w ise  
d i re c t io n .  D isp e r s io n  ex p e r im en ts  w ere  ca r r ied  out in the s ta b le  b o u n d a ry  
laye r  to in v es t ig a te  the  p resence  o f  unw an ted  cross flow s. It p roved  
necessa ry  to install  side walls into the tunnel, 0 .5m  from  the real sides, 
red u c in g  the  effec t ive  w id th  o f  the tunnel to 2 .5m. T hese  0 .6m  tall  side walls 
iso la ted  the  b o u n d a ry  layer  f rom  the secondary  flows c rea ted  by the 
u n h e a te d  s ides  o f  the tunnel.
3.3 Developments made to the EnFlo facilities.
T h e  fo l lo w in g  sec t io n s  in this ch a p te r  g ive  de ta iled  in fo rm a tio n  abou t the
in s t ru m e n ta t io n  used  d u r in g  th is  s tudy. Th is  sec tion  ind ica te s  the  
d e v e lo p m e n ts  tha t w ere  m ade to the fac il i t ies  over the per iod  tha t  this 
p ro jec t  ran , w h ich  co in c id ed  w ith  the f irst th ree  years o f  E n F lo ’s ex is tence .
W h e n  th is  p ro jec t  c o m m en ced ,  the traverse  system  in the w ind  tunne l had 
a vertica l m o vem en t o f  580m m  and a spanw ise  travel o f  600m m . It was 
m o u n ted  on  a s im ple  f ram e  w hich  cou ld  be pos i t ioned  m anually  at the 
d es ired  d o w n s tre a m  location. To m ap out the two d im ens iona li ty  o f  the 
b o u n d a ry  layers  se t  up  in the  tunne l ,  an increased  sp an w ise  trave l  is 
ben e f ic ia l ,  and  hav in g  trave l  in the  d o w n s tream  axis is a g rea t  asse t w hen  
s tu d y in g  b u i ld in g  w a k e  b e h a v io u rs .  F o r  n o n -n e u tra l  b o u n d a ry  laye rs ,  
w h e re  th e  tu n n e l  is ru n n in g  h ea ted ,  hav in g  rem ote  co n tro l  o f  in s t ru m e n t
loca tions  is c lear ly  a g reat advan tage . It was with these  though ts  in m ind  
tha t it was dec ided  to increase  the spanw ise  travel to 1800m m  and  attach 
th is  axis to a carr iage  w hich  ran on an overhead  rail system  to fac i l i ta te  the 
lo n g i tu d in a l  travel.  A n isom etr ic  v iew  o f  the  upgraded  t rave rse  sys tem  is 
sh o w n  in F ig u re  3.3.
F o r  the  E n F lo  labo ra to ry  to func tion  e ffec t ive ly ,  so f tw are  w ith  the 
c o r r e s p o n d in g  h a rd w a re  w as re q u ired  to p e r fo rm  the fo l lo w in g  tasks:
1. C a l ib ra t io n  and  m e a su re m e n t  o f  s tan d ard  ana logue  in s tru m e n ts  such  as: 
h o t  w ire s ,  p r o p e l le r  a n e m o m e te r s ,  p re s su re  t ra n sd u c e rs  and
t h e r m o c o u p l e s ,
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2. M e a s u re m e n ts  w ith  c ro ss -w ire s  w h ich  inv o lv es  tw o a n a lo g u e  c h a n n e ls  
tha t  n eed  to be p ro cessed  toge ther ,  and  requires  angle  and ve loc ity  
c a l i b r a t i o n  r o u t in e s ,
3. C a l ib ra t io n  an d  m e a su re m e n t  o f  p u lse d -w ire  p robes ,  w h ich  requ ire  
d ig i ta l  c o m m u n ic a t io n s  fo r  the t im e  o f  f l ight,
4. M e a su re m e n ts  us ing  the L ase r  D o p p le r  A n em o m etry  sys tem  a lone , and 
also w hen  sy n ch ro n ised  w ith  a co ld  w ire  to m easure  heat flux ,
5. M o v in g  the  traverse  to the des ired  position  and check ing  i f  it has 
a c h ie v e d  th is ,
6. C o n tro l l in g  the gas sam pling  desk  and m on ito r ing  the o u tpu t  o f  the 
F la m e  Io n isa t io n  D e tec to r  (F ID ),  to m ake  m ean  concen tra t io n
m e a s u r e m e n t s ,
7. S e t t in g  the tem p era tu re  o f  the  in le t  h ea te r  in non neutra l  flow s, and
8. M o n i to r in g  and  reco rd in g  the  in le t  f low  and su rface  te m p e ra tu res  in s ide
th e  tu n n e l .
M any  o f  these  tasks needed  to be con tro lled  from  one co m p u te r  for  a g iven 
ex p e r im en t ,  so it was dec ided  that all these  routines should  be written  in the 
sam e lan g u ag e ,  n am ely  L ab V IE W , w hich  has been  d ev e lo p ed  by N ationa l  
in s t ru m e n ts  fo r  th is  type  o f  ap p lica tion .  At E n F lo ’s c o m m e n c e m e n t  (w h ich  
co in c id e d  w ith  the  s tart o f  this p ro jec t) ,  ind iv idua l  L a b V IE W  prog ram s 
ex is ted  fo r  m ak in g  m easu rem en ts  w ith  a s ing le  wire, a c ro ss -w ire  and a 
p u lsed  w ire ,  b u t  these  w ere  spec if ica l ly  w ritten  fo r  a g iven  
in s t ru m e n ta t io n  se t-u p  and p ro c e s s in g  req u irem en t  and  w ere  no t  at all 
g enera l .  A lso  the  in fo rm ation  reco rded  in the results  file  for a g iven  
m e a s u re m e n t  p o s i t io n  ten d ed  to be the bare  m in im um .
A g e n e ra l  p u rp o s e  m e a su re m e n t  p ro g ra m  has been w rit ten ,  w h ich  w as 
c a p ab le  o f  a c q u ir in g  and p ro cess in g  up to e igh t  ana logue  ch an n e ls  o f  da ta  
f rom  in s t ru m e n ts  such  as: hot w ires ,  c ro ss -w ires ,  p i to t  tubes,  p ro p e l le r  
a n e m o m e te r s ,  th e rm o c o u p le s  etc. T h e  u se r  can  co n f ig u re  the  p ro g ra m  to
take  m e a s u re m e n ts  w ith  the  d es ired  in s tru m en ts  and c o m p u te  the s ta t is t ic s  
fo r  each  in d iv id u a l  ch an n e l  and  fo r  co rre la ted  pairs . S p ec tra  and
a u to c o r re la t io n  m e a su re m e n t  can  a lso  be se lec ted  fo r  any o f  the  ch an n e ls
w ith  the  c ap ab i l i ty  o f  au to m atica l ly  sav ing  any o f  the  plots . A n an a logue  
ca l ib ra t io n  p ro g ra m  has also been  w rit ten  to ca l ib ra t io n  this sam e ran g e  of  
in s t ru m e n ts ,  the  u se r  be ing  ab le  to se lec t  the  des ired  re fe re n c e  in s t ru m e n t  
o r  va lue .
S o f tw are  was w rit ten  in L ab V IE W  to rep lace  D a n te c ’s p rog ram  for 
c o n t ro l l in g  the  one  c o m p o n e n t  L a se r  D o p p le r  A n e m o m e try  sy s tem . T he  
new  so f tw are  enab led  the data  to be  processed  on line, and was able to 
o p e ra te  in co n ju n c t io n  w ith  the t rav e rse  to au to m a te  d a ta  co llec t io n .
A n o th e r  ve rs io n  o f  this p ro g ram  w as deve loped  to sy n ch ro n ise  a co ld  w ire  
w ith  the  la se r  sys tem  so that w hen  a  velocity  m easu rem en t w as m ade, an 
in s ta n ta n e o u s  te m p e ra tu re  re a d in g  w as also reco rded . T h is  fa c i l i ta te d  the  
m e a su re m e n t  o f  h ea t  flux in the s tab le  boundary  layer. M ore  deta ils  o f  how  
th is  m e a su r in g  sy s tem  opera ted  can be  found in sec t ion  3.4.2.
M ost  o f  th e se  dev e lo p m en ts  took  p lace  near the  beg inn ing  o f  the p ro jec t ,  
bu t m od if ica t ions  to the so f tw are  did prove to be an o n -go ing  task  as new  
r e q u i r e m e n t s  b e c a m e  a p p a r e n t .
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3.4 Flow measurement instrumentation
A c ro s s -w ire  w as used  to ch a rac te r ise  the f low  in the u n d is tu rb ed  b o u n d a ry  
la y e r  and  d o w n s tre a m  o f  the  b u ild ings  fo r  neu tra l  s tab il i ty ,  thus e n a b l in g  
im m e d ia te  d e te rm in a t io n  o f  the  R ey n o ld s  sh ea r  s tresses .  H o w ev e r ,  in the 
s tab le  b o u n d a ry  la y e r  the  one  c o m p o n e n t  L a se r  D o p p le r  A n e m o m e te r  w as 
used  s in ce  its c a l ib ra t ion  is no t a ffec ted  by the  am bient tem p era tu re  o f  the 
f low . T h e  R ey n o ld s  shea r  s tresses  w ere  ob ta ined  us ing  fo u r  p ro b e  angles  at 
e a c h  m e a s u r e m e n t  p o s i t io n .
3 . 4 . 1  C r o s s - w i r e
3.4.1.1 Sum m ary of how the flow m easurem ents were taken.
F lo w  m ea su re m e n ts  in this s tudy  w ere  m ade  us ing  two S c h i l tk n e c h t  
p ro p e l le r  a n e m o m e te rs ,  a D an tec  c ro ss -w ire  and a therm o co u p le .  O ne  o f  the
p ro p e l le r  a n e m o m e te rs  was used  to m easu re  the re fe rence  tunne l  speed  at
the  top o f  the  s im u la ted  boundary  layer. T he  c ross-w ire ,  a p ro p e l le r  and the 
th e rm o c o u p le  w ere  all m o u n ted  on the  3 d im ens iona l  t raverse .  T h e
p o s i t io n in g  o f  the probes on the traverse  boom  is show n in F ig u re  3.4. T he  
trav e rse  w as  c o n tro l led  by the co m p u te r  used  fo r  the da ta  acqu is i t ion .  
S o f tw a re  has  been  w ri t ten  in the  g ra p h ic a l  p ro g ra m m in g  lan g u ag e ,  
L a b V IE W , en ab l in g  a series o f  p ro f i les  to be m easured  au tom atica l ly .
T h e  c ro s s -w ire  an g le  ca lib ra t io n  was ca rr ied  out in a sm all  ‘c a l ib ra t io n ’ 
tunne l  and  was assum ed  constan t  ove r  the  life  o f  the probe. T h e  ve locity
c a l ib ra t io n  w as re p e a te d  b e fo re  each  m e a su re m e n t  run  and w as p e r fo rm e d
in the  m ain  w ind  tunnel, h a l f  way up the boundary  layer  u s ing  the
o n b o a rd  p ro p e l le r  as the ve loc ity  re fe rence . S ince  the tunne l speed  can be 
c o n tro l le d  by the  co m p u te r  the  ve loc ity  ca lib ra t io n  rou tine  w as au to m ated .
T h e  c a l ib ra t io n  p rocedures  are d iscussed  in m ore  detail in S ec tion  3 .4 .1 .2
T e m p e ra tu re  c o r re c t io n s  w ere  app lied  to the c ro ss -w ire  resu lts  u s in g  the  
te m p e ra tu re  r e a d in g  g iven  by the  th e rm o c o u p le  loca ted  on the  t rav e rse
boom  (see  Sec tion  3.4 .1.3 for details) .  T he  c ross-w ire  read ings w ere  also
c o r re c te d  fo r  rec t i f ic a t io n  and  re la ted  e r ro rs  tha t o c c u r  w hen  m ak ing  
m e a su re m e n ts  in h ig h  tu rb u len ce  f low s (see Sec tion  3 .4 .1 .4  fo r  de ta ils) .
T h e  tim e scale  in the flow, ca lcu la ted  us ing  the velocity  at ' th e  top  o f  the
b oundary  layer  and its dep th  (5 I U ref) ,  is abou t 0.4s. T h e  sam p lin g  in terval
used  th ro u g h o u t  all the flow m easurem ents  was 0.05s, so not all o f  the 
s am ples  w ere  s ta t is t ica l ly  independen t.  B e tw een  4000 and 4800  sam ples  w ere  
tak en  in tw o b lo ck s  at each  m e a su re m e n t  pos i t ion . P ro f i le s  w e re  g enera l ly  
sm o o th ,  in d ic a t in g  that a su ff ic ien t  a v e rag in g  tim e had  been used.
T h e  a l ig n m e n t  o f  the  c ro ss -w ire  p ro b e  is very  im p o r tan t  w hen  a t tem p tin g  
to m easu re  the  sp an w ise  and  vertical  ve locity  com ponen ts .  T he  se t up  o f  the 
p robe  on the  traverse  was aided by the use o f  a laser po in ter  tha t  could  be 
a t tached  to the p robe  holder . By th row ing  the  laser beam  a long  way 
fo rw ard ,  any  a n g u la r  m isa l ig n m en t  o f  the c ro ss -w ire  p robe  c o u ld  be 
c le a r ly  se e n  and  co r rec ted .
D rif t  in the  c ro ss -w ire  ca lib ra t ion  ov e r  run periods o f  20 hours o r  so w as 
no t g en e ra l ly  s ig n if ic an t  and for  m o s t  cases  the ag reem en t o f  the  m ean 
ve loc ity  w as w ith in  ±1%  o f  the p ro p e l le r  ove r  the w h o le  period . H ow ever ,
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on tw o  runs the  ag reem en t was s l igh tly  w orse , but was still w ith in  ±2% .
T h e  m a jo r i ty  o f  the  resu lts  w ere  m easu red  us ing  the sam e  c ro ss -w ire  p robe  
w hose  ca l ib ra t ion  proved  to be very stable. O nly  two o f  the runs used  a 
d if fe re n t  p ro b e  w h o se  ca l ib ra t io n  d r if ted  by abou t 5% over  the 
m e a s u r e m e n t  p e r io d .
It is very  d if f icu lt  to use ho t w ire  anem om etry  in a hea ted  f low  since  the 
w ire  re sp o n d s  to bo th  tem pera tu re  and ve loc ity  f luc tua tions .  It  is p o ss ib le  to 
u se  a co ld  w ire  to m easu re  the tem p era tu re  f luc tua tions  and then co rrec t  
fo r  them  but this requires the hot w ire  velocity  ca lib ra tions to be done  at a  
ran g e  o f  d if f e re n t  tem p e ra tu res ,  a t im e  c o n su m in g  p rocedure .  A ll  the f low  
m e a su re m e n ts  m ad e  in the s tab le  b o u n d a ry  layer  used  a one c o m p o n e n t  
L a se r  D o p p le r  sys tem , sy n ch ro n ised  w ith  a co ld  w ire  to ob ta in  m easu rem en t  
o f  the hea t  flux, as well as the m ean velocity  and R eynolds s tresses.
3 . 4 . 1 . 2  C r o s s - w i r e  c a l i b r a t i o n
A hot w ire  consists  o f  a very fine wire, heated  to about 200°C, that is cooled  
by the  f low  it is m easuring . T he  w ire  is e lec tr ically  hea ted  by a w hea ts tone  
b r idge  c irc u i t  tha t  is set up to m a in ta in  a cons tan t  w ire  tem pera tu re .  B e fo re  
m e a su re m e n ts  can be m ade, the p robe  needs to be ca l ib ra ted  to d e te rm ine
the e ffec t iv e  ang le  o f  the wires to the f low  and also a velocity  ca l ib ra tion  is
re q u ire d .  T h e  e f fe c t iv e  w ire  ang le  takes  in to  accoun t the  tan g en t ia l  co o l in g  
o f  the  w ire  as well as its physica l o r ien ta tion  to the flow. T he angle  
c a l ib ra t io n  was carr ied  out in a sm all ,  low tu rbu lence  tunne l ,  w ith  the
p ro b e  he ld  in spec ia l ly  des igned  j ig  a l low ing  a ro tation  o f  ±15° to the flow 
in 5° steps. T he  speed  o f  the tunnel was set to around 1.5m/s during  the 
ang le  ca l ib ra t io n ,  rough ly  the  av e rag e  ve loc ity  that it w ou ld  see in the 
E nF lo  tunne l .  T h is  is im portan t ,  s ince  the  e ffec t ive  w ire  angles  are  w eak
fun c t io n s  o f  the  flow  velocity . U nless  the  p robe  is dam aged , the e ffec tive
ang les  sh o u ld  not change  during  the life  o f  the wire.
T h e  v e lo c i ty  ca l ib ra t io n  was ca r r ied  ou t every  tim e  m ea su re m e n ts  w ere  
m ade. A ll  the  ve loc ity  ca lib ra t io n s  fo r  the c ross-w ire  w ere  carr ied  ou t h a l f
w ay up  the  b o u n d a ry  laye r  w here  the  back g ro u n d  tu rb u le n c e  is a round  
10%. T h is  w as the  h ighes t  pos it ion  the  traverse  could  ach ieve  w ithout
m a n u a l ly  re p o s i t io n in g  any o f  the  in s tru m en ts .  T h e  o n b o a rd  p ro p e l le r  w as
u sed  as the  r e fe ren ce  speed  during  the  c ro ss -w ire  ca l ib ra t ion .  T h is  m e thod  
p ro v ed  ve ry  su ccess fu l ,  and the ag re e m e n t  b e tw een  the  tw o an em o m ete rs  
w as m o s t ly  w ith in  ±1% .
3 . 4 . 1 . 3  C r o s s - w i r e  t e m p e r a t u r e  c o r r e c t i o n
T h e  h o t  w ire  ve loc ity  ca l ib ra t io n  is d esc r ib ed  by the g enera l ised  K in g ’s 
L a w  e q u a t io n :
E 2 = A  +  B U n ( 3 .1 )
w here  E  is the ou tput from  the anem om eter ,  U  is the velocity  and A , B  and n 
are cons tan ts .  T h e se  constan ts  are o p tim ised  to g ive the best fit w ith  the 
c a l i b r a t i o n  d a ta .
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T h e  te m p e ra tu re  c o r re c t io n  m eth o d  o f  B e a rm a n  (1969) was im p le m e n te d ,  
w h e re  the  co r rec t io n  fa c to r  k Temp is g iven by:
''Temp 1
T  —Tcalib 1 metis 
2-Tcalib
( 3 .2 )
T calib is the  am b ien t  flow  tem pera tu re  tha t the  c ross-w ire  was ca lib ra ted  at, 
T meas is the tem pera tu re  o f  the flow being  m easured  and G is th e  o v e rh ea t  
ra tio .  T h e  co r rec t io n  fac to r  is app lied  to the  a n em o m ete r  vo l tag e  befo re  
c a lc u la t in g  the  v e lo c i ty  as:
U  =
{k TempE f  ~ A
B
( 3 .3 )
D u r in g  a run the  a m b ie n t  te m p e ra tu re  ch an g e  in the  lab o ra to ry  was 
g e n e ra l ly  less than  one  degree . F o r  a  one  d eg ree  d if fe ren ce  in tem p era tu re  
the  co r rec t io n  fa c to r  w ould  ch an g e  the  m easu red  ve loc ity  by ab o u t  2 .5% .
3 . 4 . 1 . 4  C r o s s - w i r e  r e c t i f i c a t i o n  a n d  t h i r d  c o m p o n e n t  c o r r e c t i o n
T h e  o u tpu t  of  the ho t w ire  an em o m ete r  is p roport iona l  to the vo ltage  across
the wire , so, as the  f low  velocity  increases ,  the  voltage across the  w ire  also 
in c rea se s  to keep  the  w ire  tem pera tu re  constan t .  T he  coo ling  e f fec t  on the
w ire  is g rea tes t  w hen  the flow is norm al to the wire axis but is a lm ost 
n eg l ig ib le  w hen the  f low  is para lle l .  T he  o u tpu t  o f  the  a n em o m ete r  is 
e f fe c t iv e ly  p ro p o r t io n a l  to the com p o n en t  o f  the  f low  norm al to the w ire  
b u t  it is in sen s i t iv e  to the  d irec tion  o f  this com ponent.
F igu re  (3 .5a) show s a  s ing le  w ire  p robe  in a f low  which passes from  left to 
r igh t.  I f  the  in s tan tan eo u s  f low  d irec t io n  changes  by  m ore  than  90° the 
c o m p o n e n t  norm al to the w ire  axis passes  f rom  right to left o v e r  the wire. 
H o w e v e r ,  s in ce  the  w ire  c an n o t  d if fe ren t ia te  the  f low  d irec t io n ,  this 
m easu rem en t  will still be  recorded  as i f  the  flow  were from  left  to right, 
c a u s in g  a rec t i f ic a t io n  e r ro r  in the  resu lts .
T h e  c ro ss -w ire  p robe  show n  in F igure  (3.5b) has its w ires -set at 
a p p r o x im a te ly  45° to the m ean  flow , enab ling  both the ve locity  co m ponen ts  
in  the  p lane  o f  the pap e r  to be m easured . C onsider ing  the w ire  w ith  the 
p o s i t iv e  g rad ien t ,  if  the  in s tan tan eo u s  f low  d irec t io n  changes  by m ore  than 
4 5 °  an t i -c lo ck w ise ,  then the co m ponen t o f  the flow norm al to this w ire  w ill
c h a n g e  s ign. H o w ev e r ,  th is  change  o f  s ign in the ve loc ity  c o m p o n e n t
c a n n o t  be  reg is te red  by the an em o m ete r  and so the s ignal b eco m es  
rec t i f ied .  F o r  the  s ing le  w ire ,  rec t i f ic a t io n  e rrors  occu r  i f  the 
in s tan tan eo u s  f low  d irec t ions  lie o u ts ide  a range  o f  ±90° to the  m ean flow , 
w hereas  fo r  the c ro ss -w ire  this range is red u ced  to ±45°. T h e re fo re ,  
re c t i f ic a t io n  erro rs  are fa r  m ore  l ike ly  to o ccu r  for the  c ro ss -w ire  p ro b e  
than  fo r  the  s ing le  w ire  probe.
R e c t i f ica t io n  erro rs  cause  the m ean  flow  ve loc ity  to be overes t im a ted ,  as all 
the  n eg a t iv e  va lues  are re f lec ted  into the pos i t ive  dom ain . H ow ever ,  the 
f lu c tu a t io n s  are  u n d e re s t im a te d ,  s in ce  the ran g e  o f  in s ta n ta n e o u s  v e lo c i t ie s  
a re  c o n f in e d  w ith in  a sm a lle r  sec tor .
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W h e n  m a k in g  m e a su re m e n ts  w ith  a c ro ss -w ire  the m ean  and f lu c tu a t in g  
par ts  o f  the  th ird  ve loc ity  co m p o n en t  are  assum ed  to have  n eg l ig ib le  e ffec t.
T u tu  and  C hev ray  (1975)  h av e  p resen ted  a m a them atica l  ana lys is  fo r  the
re sp o n se  o f  the c ro ss -w ire  p robe  w hich  takes into accoun t the e f fec t  o f  the 
th ird  c o m p o n e n t  o f  v e loc ity  and the e f fec t iv e  rec t if ica t ion  cau sed  by the 
h o t  w ire . T h e  ana lys is  cons ide rs  how  the jo in t  p robab il i ty  d is t r ib u t io n  o f  
the  ve loc ity  co m p o n en ts  is skew ed  by these  effec ts ,  and eva lua tes  a
c o r re c t io n  fa c to r  a s su m in g  th a t  the true  ve loc ity  d is t r ib u t io n s  are  
G au ss ian .  T h e  an a ly s is  has been  m od if ied  so m ew h a t  s ince  the tang en t ia l  
c o o l in g  o f  the  w ire  is a lready  taken  into accoun t by the ang le  ca lib ra t ion  
w h ic h  is p e r fo rm e d  b e fo re  m a k in g  any m easu rem en ts .
T h e  e rro rs  in the  m easu rem en ts  depend  on the m agn itude  o f  the 
tu r b u le n c e  in te n s i t ie s  in all th ree  d i re c t io n s ,  the  c o r re la t io n  c o e f f ic ie n t
fo r  the  tw o co m p o n en ts  m easu red , and the e ffec t ive  angles  o f  the c ro ss ­
w ire  p robe. T he  analysis  assum es tha t the m ean flow o f  the second  
co m p o n en t  o f  ve locity  is zero , which is the case if  the p robe  is a l igned  with 
the  m ean  f low . D ue  to the  com plex ity  o f  ca lcu la ting  the jo in t  p robab il i ty  
d en s i ty  fun c t io n s ,  it takes a cons id e rab le  t im e  to com pu te  the  re levan t
co rrec t ion  factors fo r  a g iven set o f  inputs. To m ake it feas ib le  to ca lcu la te  a
c o r re c t io n  fa c to r  fo r  each  in d iv id u a l  c ro ss -w ire  m easu rem en t ,  a sp ec if ic  
lookup  tab le  was genera ted  fo r  the c ross-w ire  p robe  used  to m ake  the
m e a su re m e n ts .  G iven  that the  e f fec t iv e  wire angles  o f  the  p robe  are 
k no w n , the fou r  rem a in in g  var iab les  to be tabu la ted  are  u ’l U , v ’/ U , w ’/ U  
and u w / u ' w '  assum ing  the w ire  is in the X - Z  plane.
T y p ic a l ly ,  f ive  va lues  sp an n in g  each o f  the fou r  input ranges  w ere
ca lc u la ted ,  a m o u n tin g  to 54 or 625 input conditions, which took  a Power­
M a c in to sh  7100  nearly  16 hours  to com pute .  Once this lookup  tab le  (spec if ic  
fo r  the  e ffec t iv e  w ire  ang les)  had  been  genera ted , an E xce l  m acro ,  w ri t ten  
in V isua l  B as ic ,  was run to de te rm ine  the correc tion  fac to rs  fo r  each  
in d iv id u a l  c ro ss -w ire  m easu rem en t .  T h is  m acro , w hich was used  to co r rec t  
a w h o le  p ro f i le ,  had  the fo l lo w in g  struc ture :
1. R ead  the c ro ss -w ire  da ta  fo r  a certa in  m easurem ent. T he  va lue  of  the 
th ird  c o m p o n e n t  v ’/ U  or w ’/ U  has to be estimated.
2. A pply  a ' f i r s t  e s t i m a t e ’ o f  the correction  fac tor  to the da ta  to es tim ate  the
‘t r u e ’ tu rb u le n c e  s ta t is t ic s  at that po in t.
3. C arry  ou t a fo u r  d im en s io n a l  in te rpo la t ion  us ing  the  lookup  tab le  c rea ted
fo r  th a t  p robe ,  to o b ta in  the co r re sp o n d in g  co rrec t io n  fac to rs .
4. C o m p a re  these  co rrec t ion  fac tors  w ith  the ‘f i r s t  e s t i m a t e ’ fa c to rs  ap p l ied  
at s tage  2. I f  the  co rrec t ion  factors d if fe r  by m ore  than 0 .5%  then  rep lace  
the f i r s t  e s t i m a t e ’ ones w ith  the new  correction  values and go b ack  to s tage  
2.
5. T h e  pe rcen tag e  co rrec t ion  factors to be applied  to the  m easu red  values  of
U , u 2 , w 2 and u w  have  now been found. These  correc tions will be  used  as 
the  f i r s t  e s t i m a t e ’ for the  nex t  m easu rem en t  pos ition  in  the trave rse  
p r o f i l e .
Th is  m acro  only takes abou t 1 second  to find the op tim um  co rrec tion  fac to rs  
fo r  a p a r t i c u la r  c ro s s -w ire  m e a su re m e n t .
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T h e  m a g n i tu d e  o f  the co r re c t io n  fac to rs  inc reased  w ith  the  tu rb u le n c e  
in ten s i ty  in the f low . F o r  exam ple ,  fo r  c ro ss -w ire  m easu rem en ts  m ade  in 
the  b o t to m  o f  the  b o u n d a ry  layer  w here  the  tu rb u len ce  in ten s i ty  is a ro u n d  
20% , the m ean  velocity  is overes t im ated  by 3%. The R eyno lds  s tresses  u 2 , 
vv2 and u w  are all underes t im ated , by about 2.9, 7.5 and 9% respectively . All 
these  e rro rs  w ould  dou b le  i f  the  tu rbu lence  in tensity  was in c reased  to 30% , 
as was the case  for  som e o f  the bu ild ing  w ake m easurem ents .
3 . 4 . 2  L a s e r  D o p p l e r  A n e m o m e t r y
L aser  D o p p le r  anem om etry  (LD A ) was used to m ake all the flow 
m e a s u re m e n ts  in the  s tab le  b o u n d a ry  laye r  b ecau se  the  c ro s s -w ire  c a n n o t  
eas i ly  be used  in a f low  hav ing  such severe  tem pera tu re  f lu c tua tions .  A 
schem atic  d iag ram  o f  the p robe  for a one com ponen t system  is show n in 
F ig u re  3.6. T h e  tw o laser  b eam s tha t en te r  the probe th rough the f ib re  optic  
cab les  are  split  f rom  a s ing le  beam  o f  red light. The beam s pass th rough a 
lens tha t  focuses  them  to g e th e r  at the  m easu r in g  position . W h e re  the  beam s 
co n v e rg e ,  l igh t  and da rk  fr inges  are crea ted  due  to c o n s tru c t iv e  and 
d es tru c t iv e  in te r fe rence  o f  the  tw o beam s. W hen  a sm all  pa r t ic le  in the 
f low  p asse s  th rough  these  f r inges  it re flec ts  or sca tters  pu lses  o f  ligh t back  
tow ard s  the  probe. T h e  f requency  o f  these  l igh t pu lses  is d irec tly  
p ro p o r t io n a l  to the  c o m p o n e n t  o f  the  p a r t ic le ’s ve loc ity  p e rp e n d ic u la r  to 
the  f r in g e  lines. In the D an tec  sys tem  used  in this p ro jec t ,  the  back- 
sca t te red  l igh t is focused  by the  lens into the  rece iv ing  f ib re  w h ich  
transm its  the  l igh t  to the pho to  m u lt ip l ie r  tube  situa ted  next to the laser.
T h e  p h o to  m u l t ip l ie r  tube  is e f fec t iv e ly  a t ran sd u cer  w h ich  co n v e r ts  the  
b a c k -s c a t te re d  ligh t  into  an e lec tr ica l  s ignal.  By ca r ry in g  ou t  F o u r ie r  
an a lys is  on this s igna l  its f req u en cy  can be  d e te rm ined  and th e re fo re  a 
m e a su re m e n t  can  be m ade  o f  the  p a r t ic le ’s velocity  p e rp e n d ic u la r  to the  
f r i n g e s .
To  d e te rm in e  the d irec t ion  o f  the  partic le ,  the  frequency  o f  one  o f  the 
b eam s is sh if ted  by 4 0 M H z so that the  fr inges scroll th rough the 
m e a s u re m e n t  vo lu m e . T h e  in s ta n ta n e o u s  f low  d irec t ion  is now  read ily  
ap p a ren t ,  s ince , fo r  pa r t ic le s  t rav e l l in g  in the  d irec t ion  o f  the m o v in g  
fr inges  the  frequency  will be low er than 40 M H z, and con v erse ly  fo r  a 
p a r t ic le  t ra v e l l in g  in the o p p o s i te  d i rec t io n  the  f requency  w o u ld  be 
g re a te r  th an  4 0 M H z.  W h e n  m ak in g  m easu rem en ts  in the  u n d is tu rb e d  s tab le  
b o u n d a ry  laye r  the  f low  u ps tream  o f  the m easu rem en t  p o s i t ion  was seed ed  
us ing  a T S I  six je t  a tom ise r  w ith  sugar  w ater  which is spec if ied  to p roduced  
partic les  o f  1-2 m icrons in size. This is necessary  as the L D A  can only 
m easu re  the  ve loc ity  o f  pa r t ic le s ,  w hich  shou ld  be sm all  en ough  so tha t 
they  can fa i th fu lly  fo l low  all the  f luc tua tions  in the flow.
A c o o l in g  ja c k e t ,  su p p l ied  w ith  am b ien t  tem p era tu re  air, su r ro u n d e d  the  
L D A  probe  to keep  it be low  its m ax im um  w orking  tem pera ture  o f  45°C . This 
increased  the  overall size o f  the p robe from  a d iam eter o f  14 m m  to 26 mm. 
M e a su re m e n ts  w ere  m ade a round  the coo ling  ja ck e t  with a c ro ss -w ire  at the 
pos it ion  w ere  the laser  beam s in te rsec t,  to investiga te  i f  the f low  was 
a f fec ted  by  the  ja c k e t .  T h e  R ey n o ld s  s tresses  rem ained  u n c h a n g e d  bu t the 
m ean  ve lo c i ty  inc reased  by abou t 2 .5% .
F o r  the  v er t ica l  p ro f i le s  m easu red  in the  s tab le  boundary  layer,  each 
posit ion  w as m easured  with the probe angle  y, at 0°, 30°, 45° and 90°. T he  0° 
and  90° o r ie n ta t io n s  d irec t ly  m easu re  the  m ean  and f lu c tu a t in g  c o m p o n e n t  
in the s t ream w ise  and ver tica l d irec tions ,  show n in the d iag ram  below  as U
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and W . A  th ird  p robe  o r ien ta t ion  enables  the shear stress u w  to be 
ca lcu la ted . B e low  is a s im ple  de r iva tion  o f  how  the shear stress can  be 
d e te rm in e d  by the  th ree  m e a su re m e n t  o r ien ta t io n s ,  U ,  W  and U  r
T he m ean  ve loc ity  U r is given by:
U y =  U  cos y  +  W  sin y  ( 3 .4 )
and  fo r  th e  in s ta n ta n e o u s  v e loc it ie s :
ity = u'cosy +  w / s in y  ( 3 .5 )
S q u a r in g  bo th  sides  o f  the eq u a t io n  gives:
i i2 - u 2 c o s2 7 + 2 u ' w ' c o s7 sin 7 +  w 2 s in2 7 ( 3 .6 )
w h ich  can  be  re a r ran g ed  to o b ta in  the  shea r  stress from  the  three 
m e a s u re d  n o rm a l  s tre s se s :
2 2 2 • 2 ii" -  u cos y  - w  sin y
u 'w '  =  -£  ( 3 .7 )
2 cos 7 sin 7
By m ak in g  a fou rth  m easu rem en t  at ano th e r  probe angle, it is p oss ib le  to 
d e te rm in e  the  co n s is ten cy  in the  m easu rem en ts .  This w ou ld  c lea r ly  show  if  
the co n d i t io n s  in the  tunne l  had  been  kep t  steady during  the  fou r  ang le  
m e a su re m e n ts .  F ro m  the  p ro f i le s  taken  in the  s table  bo u n d ary  good  
a g re e m e n t  w as fo u n d  b e tw een  ca lcu la t in g  the shear  s tress  u s in g  the 30° 
and the  45° o r ie n ta t io n s .
To  m easu re  hea t  f lux  in the s tab le  boundary  layer a cold  ..wire m easu ring  
in s tan tan eo u s  te m p e ra tu re  was used  in con ju n c t io n  w ith  the L D A  sys tem . A 
sch em a tic  d iag ram  o f  the in s tru m en ta t io n  is g iven at the top  o f  F igu re  3.6. 
W h e n e v e r  the  L D A  analysis  un it  de tects  a  s ignal that p o ten tia l ly  cou ld  be  a 
valid  one, it im m ed ia te ly  tells the  co ld  w ire  to take a tem pera tu re  read ing .
If, a f te r  an a ly s in g  the  b acksca tte red  light s ignal, it is found  to be ou ts ide  o f  
the  d e f in ed  lim its  fo r  accep tance , tha t d a ta  po in t is m arked. A f te r  the 
e x p e r im e n t ,  all  the  m ark ed  v e lo c i ty  p o in ts  and the c o r re sp o n d in g  
te m p e ra tu re  va lu es  are  rem o v ed  from  th e ir  re spec tive  a rrays.  T h e  h ea t  flux 
m e a s u re m e n t  can  then  be  fou n d  by co r re la t in g  the v e loc ity  and  
t e m p e r a tu r e  a r ra y s  c o n ta in in g  th e  s y n c h ro n is e d  m e a s u r e m e n t  p o in ts .
L D A  s p e c i f i c a t i o n
P ro b e  d ia m e te r  w ith  c o o l in g  j a c k e t  26 mm
P ro b e  len g th  w ith  c o o l in g  j a c k e t  200 mm
F o c a l  L e n g th  50 mm
40
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M e a s u r e m e n t  v o lu m e  
W a v e  leng th  o f  l igh t 
N u m b e r  o f  f r in g e s  
F r in g e  s p a c in g  
F re q u e n c y  sh if t
3 .97  |im 
40 MHz
0.15 x 0.15 x 1.87 mm
632.8 nm 
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3.5 Gas sampling system
T his  sec t io n  d esc r ib ed  the gas sam pling  system  in the E nF lo  lab o ra to ry  that
e n a b le s  16 m ean  c o n c e n tra t io n  m easu rem en ts  to be m ad e  d u r in g  one run. 
T h e  sam ples  are co llec ted  in para lle l  and ana lysed  in series a f te r  the
e x p e r im e n t ,  u s ing  a F lam e  ion isa t ion  de tec to r  tha t responds  to the
h y d ro c a rb o n s  re le a se d  f ro m  the  sou rce .
3 . 5 . 1  G e n e r a l  d e s c r i p t i o n  o f  t h e  g a s  s a m p l i n g  s y s t e m
T h e  gas sam pling  system  enab les  16 sam ples  o f  gas to be taken  from  various
p o s i t io n s  in the tunne l ,  and  th e ir  co n cen tra t io n s  to be an a ly sed  in series
a f te r  the  exper im en t.  S ince  the  gas sam ples  are  not ana lysed  on line, the 
sy s te m  on ly  m e a su re s  m ean  c o n c e n tra t io n  va lues .
To  m easu re  the d o w n w in d  concen tra t io n  o f  a p lum e em itted  f ro m  a
c h im n ey  as show n  in F ig u re  3.7, gas hav ing  a know n com p o s i t io n ,  (e.g. 3%
E th y le n e  in N itro g en )  is re lea sed  from  the source  into the d e s i re d  bo u n d ary
layer  f low . Gas is sucked  th rough  the 16 sam pling  tubes into s to rage  coils 
fo r  ab o u t  15 m inu tes ,  a l lo w in g  tim e  to pu rge  tho rough ly  all the  p rev ious  
gas f rom  the  coils  and tubes (see F igu re  3.8). T he  pum p gen e ra t in g  the 
suc tion  p re ssu re  is then sw itched  off, and after  a short delay , to a llow  the 
coil  p ressu res  to equalise ,  the  valves at e i ther  end of each  coil a re  c losed.
T h e  sam p les  s to red  in the coils  are then passed  seria lly  th rough  the F lam e 
Io n isa t io n  D e te c to r  (F ID ) to ana lyse  the  h y d ro ca rb o n  c o n ten t  in e ach  gas 
sam ple .  T h e  c o m p u te r  tha t con tro ls  all the so leno id  valves in the  gas 
s am p lin g  d esk  records  the s ignal f rom  the F ID  and ca lcu la tes  the  in tegra l o f  
the  'pu lse ' co rresp o n d in g  to the sam ple  in each  coil. F igu re  3.9 show s a  
typ ica l t race  o f  the FID  o u tpu t  during  analysis  o f  a sam ple ,  and ind ica tes  the
b a c k g ro u n d  lev e l  tha t  is su b trac ted  to ob ta in  the  sam ple  in teg ra l .
To  c a l ib ra te  the  F ID  (w hich  gives  an ou tpu t vo ltage  p ro p o r t io n a l  to
co n c e n tra t io n ) ,  one  coil is f i l led  w ith  gas o f  know n c o m p o s i t io n  du r in g  the 
ex p e r im e n t .  Th is  coil is an a ly sed  f irs t  to de te rm in e  the  c u r re n t  ca l ib ra t io n  
f a c to r  b e tw e e n  the a rea  u n d e r  the  p u lse  and the  sam ple  c o n c e n tra t io n  this
re p re sen ts .  T h e  c o n c e n tra t io n  o f  the ca l ib ra t io n  gas w o u ld  id ea l ly  be  c lose  
to that o f  the  sam ples  be ing  m easured . H ow ever ,  for cases  w here  the 
c o n c e n t ra t io n s  do  d i f fe r  by  o rders  o f  m a g n itu d e ,  the on ly  s ig n i f ic a n t  e r ro r
arises  due  to  the reso lu tion  o f  the 12 bit A /D  converter. T he  resp o n se  o f  the 
F ID  i t s e l f  to h y d ro ca rb o n s  is l inea r  o v e r  m any  decades  o f  c o n cen tra t io n .
T h e  F ID  has a range o f  gains, spaced by factors o f  10, that can be applied  to 
its o u tp u t  s igna l .  So, w hen  m e a su r in g  co n cen tra t io n s  th a t  d if fe r  
s ig n i f ic a n t ly  from  the c a l ib ra t io n  gas s treng th , the FID  gain  can  be  
c h a n g e d  b e tw een  a n a ly s in g  the  c a l ib ra t io n  gas  and the sam p le  gas.
T o  take  in to  acco u n t  the b a c k g ro u n d  level o f  hyd ro ca rb o n s  in the app ro ach  
f low , an ex tra  sam pling  tube  is p laced  upstream  o f  the source  w h ich  fills a 
s e p a ra te  co il  in the  gas s am p lin g  desk  d u ring  the  ex per im en t.  T h is  
b a c k g ro u n d  coil is ana lysed  after  the ca lib ra tion  coil, m ak in g  a to ta l o f  18
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coils  to be ana lysed  in o rder  to ob ta in  the desired  16 con cen tra t io n  
m e a s u re m e n ts .  T h e  b a c k g ro u n d  c o n c e n tra t io n ,  u su a l ly  a ro u n d  1-2 pa r ts  
pe r  m il l ion  (ppm ), is sub trac ted  from  all the o ther  sam ples. T h ese  18 coils  
hav e  the  sam e  n o m in a l  leng th  (and co n seq u en t ly  s im ila r  v o lu m e s) ,  but 
b e fo re  m a k in g  d isp e rs io n  m easu rem en ts  they w ere  all f i l led  w ith  the  sam e 
gas , and  then  an a ly sed  to ob ta in  ca l ib ra t io n  coe ff ic ien ts  fo r  the  re la t iv e  
vo lum e  o f  each  o f  the coils. This is im portan t,  s ince the coil vo lu m e  affects  
the  w id th  o f  the  sam ple  pu lse  w hich  obv iously  changes the va lue  o f  the 
in teg ra l .  T h e  c o n c e n tra t io n  at the  sam ple  posi t ion  is then c a lc u la ted  u s ing  
e q u a t io n  (3 .8):
L'sam ple
Sample E jf ln t  - Bkgd EjJInt 
Calib E jf ln t  ~
x  Calib Concentration ( 3 .8 )
w h ere  E f f l n t  is the  e f fec t iv e  co n cen tra t io n  in teg ra l  ob ta in ed  fro m  the  FID  
trace  a f te r  the  co il  c o rrec t io n  fac to r  has been  applied . H av in g  o b ta in ed  the 
sam p le  c o n cen tra t io n  in un its  o f  ppm , it is conven ien t  to p re sen t  the
resu lts  in a n o n -d im en s io n a l  way, so that they becom e in d e p e n d e n t  o f  the
ex ac t  e x p e r im e n ta l  se t  up used . T h is  enab les  concen tra t io n s  taken  at 
d i f fe re n t  tunne l  speeds  and us ing  var ious  re lease  rates to be  d irec t ly
co m p a ra b le .  A ll  the  co n c e n tra t io n  re su lts  p re sen ted  in th is  r e p o r t  hav e
b een  n o n -d im e n s io n a l i s e d  in  the  fo l lo w in g  way:
C,
, _  L S(impie (PPm  ) U ref (m /s) X H b (m ) rn r\\
Non Dim ~ ~  ~ 7 7C T T T  ( J ‘ -U
C source ( P P m > Q ( m
w here  U,.ef is the flow velocity  at the top o f  the boundary  layer, H  b is the 
bu ild ing  h e igh t  o f  the B 204  bu ild ing  w hich in the 1:500 sca le  m odel is 
0 .125m  and Q  is the source flow rate.
All the  neu tra l  f low  experim en ts  w ere  carried  out with a free  s t ream  speed  
o f  2 .5m /s ,  bu t  w hen  the tunne l was runn ing  s tra tif ied  the  speed  was 
red u ced  to 1 .35m/s to ob ta in  the des ired  ratio be tw een  the iner t ia l  and 
b u o y a n c y  fo rces  in the  s tab le  bo u n d ary  layer. T he  source  gas h y d ro c a rb o n  
c o n c e n tra t io n  w as 2 .97%  (29700ppm ) and was re leased  at f low  ra tes  b e tw een  
2 and  151/min.
3 . 5 . 2  D e t a i l e d  d e s c r i p t i o n  o f  t h e  g a s  s a m p l i n g  d e s k  a n d  i t s  
o p e r a t i o n .
G a s  s a m p l i n g  s p e c i f i c a t i o n
Sto rag e  coil vo lum e 
S a m p l in g  tu b e  le n g th  
S a m p le  tube  v o lu m e  
T ota l  sam p le  tube  v o lum e  
M ax . co il  f lo w ra te  
T y p ic a l  su c t io n  ra te  
F ID  ou tpu t  Scan speed 
F ID  o u tpu t  Scan  per iod
3 0 0 - 3 3 0 m l  
app rox .  17m
7 .5  m l / m  
1 2 8 m l  
1 5 0 m l / m i n
lOOml/min @ Tunnel speed  2 .5m /s
50H z
7 0 -8 5 s
A schem atic  d iag ram  o f  the gas sam pling  system  is show n in F igu re  3.8. T he  
gas desk  has tw o basic  m odes o f  opera tion . D uring  the sam pling  stage  the 
co ils  are  all f il led  s im u ltaneous ly  w ith  the sam ple  gas, bu t d u ring  the
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ana lys is  s tage ,  the con ten ts  o f  the ind iv idua l coils  are passed  one  by one 
th ro u g h  th e  FID .
W h e n  c a r ry in g  o u t  d isp e rs io n  e x p e r im en ts  the  ‘sam ple  manual* va lves  a re  
left open  bu t the ‘co m m o n  m a n u a l’ valves  are shut. This  enab les  each  coil 
to be  f i l led  w ith  the  gas trave ll ing  th rough  its own p lastic  sam p lin g  tube.
To fill the  coils  with sam ple  gas, all the control valves labelled A  and B are 
opened , and  the  suction  pum p  is sw itched  on. Gas from  the p lastic  sam pling  
tubes  is then  d raw n  th ro u g h  the open  ‘m anua l  s a m p le ’ va lve , th rough  
con tro l  v a lv e  A , f i l l ing  the sam pling  coil,  then passes  out th ro u g h  con tro l  
va lv e  B, th ro u g h  the  need le  va lve  and f lo w m ete r  unit, th ro u g h  the f low  
re g u la to r  and  in to  the suc tion  pum p. T he  need le  valves  a llow  the f lo w ra te  
th ro u g h  each  ind iv idua l  coil  to be balanced , but to ch an g e  the f low ra te  
th rough  all the  coils  the f low  regu la to r  H i-tec  5 is adjusted . T h e  length  o f  
sam pling  t im e  is set so that the  coils  are adequate ly  purged  from  the 
prev ious  sam ple ,  bu t the air  f low  m ust also be sam pled  for  long  enough  to 
ob ta in  an accu ra te  m ean  va lue  for  the co ncen tra t ion  at tha t p o s i t io n  in the 
tunne l .  T h e  sam p lin g  t im e  to sa tisfy  this second  req u irem en t  is d e p e n d e n t
on the  t im e  scales in the flow . A fte r  the sam pling  tim e has e lapsed , the
suction  p u m p  is sw itched  off, and after  a short delay, to allow the coil 
p ressures  to equa lise ,  all the A and B sam ple  control valves are c losed, thus 
trap p in g  the  sam ple  in the coil until  it is analysed.
At the h ea r t  o f  the  FID  is a flam e which is used  to ion ise  the hydrocarbons
in the sam p le  to crea te  the e lec tr ical signal. To  keep the FID alight, it is 
necessa ry  to m ain ta in  a f low ra te  o f  gas into its sam ple  inlet. P u rif ied  a ir  is 
used  to pu rg e  the sam ple  gas out o f  each  individual co il  and pass it th rough  
the F ID  to be analysed . W h en  none o f  the coils are be ing  analysed , i.e. the 
‘n e u t r a l ’ c o n d i t io n ,  the  s t ream  o f  p u rif ied  a ir  passes  th ro u g h  the open 
b y p ass  v a lv e  to m a in ta in  the f low ra te  th rough  the FID .
To ana lyse  the conten ts  o f  a coil, first valve C for that coil is opened 
a l lo w in g  the  p ressu re  in the coil to equa lise  to that o f  the purif ied  air. T hen  
va lve  D is opened  and the bypass  valve  shut so that the purif ied  air now  
f low s  th ro u g h  the coil  be ing  ana lysed , push ing  the sam ple  in the  coil into 
the  FID. A  typical output from  the FID during this s tage o f  the analysis  is 
show n  in F ig u re  3.9. T he  back g ro u n d  level is the o u tpu t  w hen  purif ied  air 
is pa ss in g  th rough  the FID . T he  exponentia l  decay  can be seen at the tail of 
the  trace  as the c lean  a ir  p ro g re ss iv e ly  pu rges  all the  rem a in in g  
h y d ro ca rb o n s  out o f  the coil. A fte r  the coil is su ffic ien tly  purged , valves  C 
and D are  shu t and the bypass valve is opened again. T he sys tem  has now  
re tu rned  to its ‘n e u tra l ’ cond it ion  and is ready to ana lyse  the nex t  coil.
3 . 5 . 3  C o i l  C a l i b r a t i o n  o f  t h e  s a m p l i n g  s y s t e m
T h e  co il  c a l ib ra t io n  fac to r  accoun ts  for  d iffe rences  in the coil vo lum es, and 
w il l  he lp  c o m p e n sa te  for any s l igh t  co ns is ten t  leakage  in the  sys tem , 
w h e th e r  f ro m  a so leno id  va lve  or the p ipe  work. I f  a ca l ib ra t ion  fac to r  
d if fe red  by  m ore  than 5%  fro m  unity, the valves and p ipe  w ork  for that 
c h a n n e l  w e re  in v e s t ig a te d  to  d e te rm in e  w h e re  the u n d e s i ra b le  leak ag e  was 
o ccu rr in g .  W h e n  the sam ple  in tegra l  has been  ca lcu la ted ,  as show n  in 
F igu re  3 .9 , it is d iv ided  by the coil co rrec tion  fac to r  to p roduce  the effec t ive  
in teg ra l ,  E f f l n t , o f  the coil.
T h e  m o s t  rea lis tic  way o f  d e te rm in in g  the true coil co rrec t ion  fac tor , is to 
fill all the  sam ple  tubes w ith  ca lib ra t ion  gas conta ined  in a gas bag at 
a m b ie n t  p ressu re .  T h e  ca l ib ra t io n  gas is sucked  into the  gas sam p lin g  coils
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from  the  gas bag  via the p lastic  tubes in exactly  the sam e way as w hen  real 
s am ples  are  taken  in the tunnel. T h e  only  d iffe rence  is that the  
h y d ro c a rb o n  co n cen tra t io n  o f  the sam ples  is now  know n, and so the co il  
c a l ib ra t io n  fa c to r  fo r  each  ind iv idua l  coil can  be de te rm ined .  F ig u re  3 .1 0 a  
show s the coil fac tors  that w ere o b ta ined  us ing  this m ethod . F ig u re  3 .10b  
show s tha t  the repea tab il i ty  is w ith in  ±  2% w hen ana lys ing  the sam e gas 
sam p le ,  w h ich  fo r  d isp e rs io n  w ork  is qu ite  accep tab le .
3 . 5 . 4  C a u s e s  o f  ‘ r a n d o m ’ e r r o r s  i n  a n a l y s i n g  t h e  g a s  s a m p l e s
T h e  co il  c a l ib ra t io n  desc r ibed  in the  prev ious  sec tion  checked  tha t  all the
c h a n n e ls  w e re  b e h av in g  in a s im ila r  m anner ,  and d e te rm in e d  the  coil
co rrec t io n  fac to rs  w hich  w ere  w ith in  ±  2%  o f  each other. H o w ev e r ,  it is
im p o r ta n t  to ap p rec ia te  tha t  there  are  ran d o m  type  e rro rs  w h ich  can  a f fec t
the  ana lysis  o f  the coils. T he  fo llow ing  is a list o f  these  random  errors , and 
h o w  they  in f lu e n c e  the  m e a su re d  c o n c e n tra t io n s :
a. T he  average  o f  the first 10-15 seconds o f  the FID trace and the  last 5 
seconds  is used  to ca lcu la te  the coil background . E rrors  caused  by noisy  
s ig n a ls  n o t  b e in g  av e raged  for  long  enough ,  o r  an in f la ted  b ack g ro u n d  
level d u e  to c o n tam in a t io n  from  the p rev ious  coil will resu lt  in  the  w rong  
va lue  be in g  sub trac ted  from  the F ID  trace. This  erro r  only  beco m es  
s ig n i f ic a n t  if  the  sam ple  concen tra t io n  is very  small and cou ld  have  a 
typ ica l va lue  o f  ±  0.4 ppm.
b. I f  the quality  o f  seal p roduced  by the so lenoid  valves is not consis ten t,  
then the  var ia t ion  in leakage  past the valve  when it is shut w ill  lead to 
s c a t te r  in the  m e a su re d  c o n c e n tra t io n s .
c. E x p e r im e n ts  hav e  show n  that the gas co n cen tra t io n  m e a su re d  in each  
co il  is co n ta m in a te d  by around  0 .5%  o f  the prev ious co n cen tra t io n  s to red  in 
tha t coil.  F o r  exam ple ,  if  the concen tra t ion  in the coil w ere  40 0  ppm , and on 
the nex t  run the  true concen tra t ion  was a round  5 ppm , the coil  w ould  be 
an a ly sed  as hav in g  a concen tra t ion  o f  a round  7 ppm  (40 % error) .  This 
e r ro r  on ly  beco m es  s ig n if ican t  if  the  p rev ious  c o n cen tra t io n  in the co il  is 
g re a te r  than  the  p re sen t  one by m ore  than an o rder o f  m ag n itu d e .  W hen  
this is the  case ,  the low concen tra t io n  ex p er im en t  can be rep ea ted  to flush
ou t the  o r ig in a l  sam ple .  H ow ever ,  i f  it is ap p rec ia ted  before  p e r fo rm in g  the 
low  c o n c e n t r a t io n  e x p e r im e n t  th a t  the  p re v io u s  run had  s ig n i f ic a n t ly  
h ig h e r  c o n c e n tra t io n s ,  the co ils  co u ld  be f lu shed  by sam p lin g  the 
b a c k g ro u n d  lab air  for  abou t 20 m inu tes  b e fo re  m easu ring  the  low 
c o n c e n t r a t i o n s .
d. W ith  ou r  par t icu la r  sy s tem  the vo ltage  ou tpu t  from  the FID 
co r re sp o n d in g  to the concen tra t io n  o f  the sam ple  was d ig it ised  by an A /D  
c o n v e r te r  rem o te  from  the  com pu te r .  T h e  da ta  was then  tran sm it ted  v ia  a 
GPIB  link  to the com puter. This m ethod  had a draw back  that i f  the 
c o m p u te r  w as in te r ru p ted  by a n o th e r  task  w h ils t  reco rd in g  th e  trace ,  it 
w ou ld  m iss  d a ta  points . T h is  had the  e ffec t o f  reduc ing  the in tegra l under  
the  p u lse ,  re su l t in g  in the  sam p le  c o n c e n tra t io n  b e in g  u n d e re s t im a te d .  It 
was im p o r tan t  the re fo re  in our sys tem  to en su re  that the co m p u te r  d id  not
run o th e r  tasks  during  the ana lysis  o f  the coils .
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3.6 Flow visualisation equipment
F lo w  v is u a l i s a t io n  is a n o th e r  te c h n iq u e  fo r  in v es t ig a t in g  the  d isp e rs io n  
b e h av io u r  o f  a sm oke  plume. A schem atic  d iagram  o f  a typical set up is 
show n  in F ig u re  3 .11. T he  requ irem en t o f  the sm oke g en e ra to r  is to p ro d u ce
non tox ic  sm o k e  that d isappears  af te r  about 30 seconds so that the
labora to ry  does  no t becom e filled  w ith  sm oke. A laser light sheet was used  to 
i l lu m in a te  the  sm oke  so tha t  the beh av io u r  o f  the p lum e at a p ar t icu la r  
cross sec t ion  cou ld  be investigated . A C C D  cam era  was used to record  the 
f low  c h a ra c te r is t ic s  on to  v ideo  tape  d u ring  the run, w h ich  w o u ld  typ ica l ly  
take  a c o u p le  o f  m inutes. T he in tensity  o f  l ight scattered  by the  sm oke is 
a ssum ed  to be  p roport iona l  to the density  o f  the sm oke at a g iven  position . 
Th is  is t rue  p rov ided  the l ight shee t i tse lf  does not becom e too a ttenua ted  by 
the sm oke . C lear ly  the in tensity  o f  the  l ight sheet does fall w ith  
d o w n s tre a m  d is tan ce  as the sheet expands , b u t  this can be c o m p en sa ted  for  
d u r in g  the  p o s t  p ro c e ss in g  s tage .
A fte r  the  exper im en t,  the v ideo tape  was ana lysed  us ing  the PC  im age 
an a ly s is  p a c k a g e  D i g l m a g e  tha t a l low ed  m ean  and f lu c tua ting  
c o n cen tra t io n s  to be ca lcu la ted  in the p lane  o f  the light sheet.  F o r  the set
up sh o w n  in the  F igure  3 .11, the  m ean  p lum e  height and the vertical spread
can  be d e te rm in ed  for any d o w n stream  posit ion  w ith in  the fie ld  o f  view. To  
g a th e r  a  re a so n a b le  m app ing  o f  this a rea  u s ing  the gas sam p lin g  
e q u ip m e n t  co u ld  take severa l hou rs  of  tunne l  time. H ow ever ,  to obtain  
q u a n t i ta t iv e  in fo rm a t io n  o f  the  c o n c e n tra t io n  f ie ld  u s in g  f lo w  v isu a l is a t io n
is no t ve ry  s t ra ig h t  forw ard .
T o  n o n -d im e n s io n a l i s e  the  c o n c e n tra t io n s  in a d isp e rs io n  e x p e r im e n t  it is 
n e c e s sa ry  to m easu re  all th e  c o n c e n tra t io n s  re la t ive  to the so u rce  s t ren g th .  
T h e  p ro b lem  is that, even w ith in  the first 5 00m m  of p lum e travel, the peak  
c o n cen tra t io n  has reduced  by a fac to r  o f  about 150. T he  f ram e  g rabber  used  
to c o n v e r t  the  ana logue  video signal into an 8 bit d ig ita l one, has only 256 
levels . C lea r ly  w ith  this dynam ic  range  it is not poss ib le  to fa i th fu lly  
m e a su re  the  sm o k e  co n c e n tra t io n s  at the  so u rce  and fu r th e r  d o w n s tream . 
A n o th e r  op t io n  is to change  the aper tu re  o f  the cam era  lens by a know n  
a m o u n t  b e tw e e n  m e a su r in g  the so u rce  and  d o w n s tre a m  c o n c e n tra t io n s ,  bu t
this re lies  on the  sm oke flow rate  rem ain ing  constan t for a p e r iod  o f  t im e, 
w h ich  p ro v e d  d if f icu lt  to ach ieve . W ith  ou r  system  if  q u an t i ta t ive  
m a p p in g s  a re  requ ired ,  the c o n c e n tra t io n s  need  to be  c a l ib ra ted  ag a in s t  a
few  F ID  m easu rem en ts  in the a rea  o f  in terest .  In this study though , only 
q u a l i ta t iv e  d a ta  has been  taken  w ith  the  v isu a l isa t io n  e q u ip m e n t  to c rea te  
t im e  a v e ra g e d  co n c e n tra t io n s  o f  the  p lum es.
3.7 Generic building groups studied and the experimental 
design
Fig u re  3 .12  show s the generic  bu ild in g  groups that w ere  s tud ied  based  on 
the B 2 0 4  b u i ld ing  situa ted  on the Sellafie ld  site  w hich is ow ned  by B ritish  
N u c lea r  F uels  L td  (BNFL). T he B 204  has a chim ney stack  that is tw ice the 
h e igh t  o f  the  bu ild ing . O ne o f  the objec tives  o f  this s tudy was to de te rm ine  
the  e f fe c t  tha t  th is  bu ild ing  and  the su rro u n d in g  site was h av in g  on 
d isp e rs io n  f ro m  the  s tack  in bo th  neu tra l  and  s tab le  b oundary  layers.
B e fo re  in v e s t ig a t in g  the b u ild ing  e ffec t  over  the full S e l la f ie ld  site m odel ,  
s im p le r  g e n e r ic  b u i ld in g  g roups  w ere  s tud ied .
45
C hapte r 3 A ppa ra tus  and te chn iqu es
In d isp e rs io n  m o d e l l in g  it is im po r tan t  to recogn ise  w hich  sets o f  bu i ld in g  
g roups  w ill  in f lu en ce  the  e leva ted  p lum e  in a s im ila r  m anner .  Q u es t io n s  
such  as, can  an array  o f  bu ild ings  be  adequa te ly  rep resen ted  by a s ing le  
c u b o id  o f  app ro p r ia te  d im ens ions ,  need  to be answ ered . W ith  th is  in m ind , 
cases A, B, E, F  and G show n in F igure 3.12, consider d ifferent spacings o f  
n ine  b u i ld in g s ,  w here  in case  A, the  bu i ld in g s  have in f in i te  sep a ra t io n ,  
and in case B, the spacing is zero. Cases A, B, C and D are a range  o f  single 
b u i ld in g s  tha t  c o u ld  po ss ib ly  be  rep re sen ta t iv e .  A range  o f  r e lea se  h e igh ts  
was s tud ied  from  140 to 400m in, which as a ratio o f  the 125mm build ing  
heigh t,  is 1.12 to 3.2. At the low er end the re lease is s ign if ican tly  en tra ined  
into the  rec ircu la t io n  reg ion  o f  the bu ild ing , like a ro o f  level re lease ,  and 
at the  u p p e r  end  the p lu m e  is a lm os t  en tire ly  unaffec ted  by the  p resen ce  o f  
the b u i ld in g  g roup  in m o s t  cases.
P re l im in a ry  ex p er im en ts  fo r  approach  flow angles  o f  0°, 30°, 45°, 60° and 90° 
sh o w ed  tha t  the  m ax im u m  and m in im u m  effec ts  occurred  at ap p ro a c h  f low  
angles  o f  45° and 0° respec tive ly  (see F igure  3 .12  for the angle  datum ). T h e  
results  fo r  the 30° and 60° angles how ever ,  w ere  much m ore  s im ila r  to the 
4 5 °  resu lts  than those  ob ta ined  for the 0° case. T hereaf ter  only the 45° and 
0°  w ind  d irec t io n s  w ere  s tud ied  s ince  they represen t  the range  o f  e ffec ts  
due  to a g iven  bu ild ing  group.
F o r  all the  b u i ld in g  cases  in the neu tra l  boundary  layer, g ro u n d  level 
c o n c e n tra t io n  p ro f i le s  w ere  m easu red  fo r  a range  o f  re lease  he ig h ts  and  
for tw o wind directions. Cases A, B and F have been studied in the m ost detail 
w ith  e x te n s iv e  c ro s s -w ire  m ea su re m e n ts  be in g  m ade in the  b u i ld in g  w akes .  
E le v a te d  ve r t ica l  and la te ra l  c o n cen tra t io n  p ro fi le s  w ere  a lso  m e a su re d  fo r  
so m e  o f  these  cases  to co m p lem en t  the  cen tre l in e  g round  level
d is t r ib u t io n s .  L in k in g  the f low  and d isp e rs io n  b e h a v io u r  in th e  b u i ld in g  
w akes  shou ld  lead  to a be tte r  u n d e rs tand ing  as to w hat are the  im portan t  
p a ram e te rs  to ad jus t  in a d ispe rs ion  m odel.
In the s tab le  boundary  layer, only bu ild ing  cases A, B and F w ere  s tudied  to
in v e s t ig a te  the  in f lu e n c e  o f  s t ra t i f ica t io n  on the  e ffec t ive  s tack  he igh ts .  N o
flow  m ea su re m e n ts  w ere  m ade in the b u ild ing  wakes w ith  the s tab le  
b o u n d a r y  la y e r .
3.8 Sellafield site model
T h e  1:500 scale  m odel o f  the Sellaf ie ld  site  was provided by B ri t ish  N uc lea r  
F uels  L td , and had been  used in prev ious w ind  tunnel studies. F igure  3.13 
show s a m ap  o f  the  site  with the  b u ild ing  iden tif ica t ion  num bers .  E m iss io n s  
f rom  the B 2 0 4  s tack  (found  at app rox im ate ly  the cen tre  o f  the c irc le) ,  w ere  
s tud ied  over  the m odel fo r  the 270° and 150° wind direc tions in both the 
neu tra l  and  s tab le  boundary  layers. A lthough  to the E as t  o f  the site a f te r  
about 10km the land rises to form the Lake district, the  site i tse lf  is 
reaso n ab le  f la t  and is app rox im ate ly  20m  above  sea level. It can  be seen 
f ro m  the  F ig u re  tha t  the  b u ild ings  are  m ain ly  rec tan g u la r  and  are 
p re d o m in an t ly  o r ien ta ted  so that the upw ind  sides are norm al to  a 270° 
w ind . T h e  150° d irec t ion  was ch o sen  to inves tiga te  the  d isp e rs io n  e f fec t  
w hen  the  ap p roach  flow is d iagona l  to the build ings on the site.
F igure  3 .14  show s a p lan  view o f  the part o f  the model that was insta lled  in 
the  E nF lo  tunnel to study the 270° w ind  d irec tion . For  this w ind  d irec tion  
the re lease  f rom  B 204  passes  d irec tly  over  C alder  Farm , a scenario  w hich  
has been  in v es t ig a ted  in p rev ious  re sea rch  carr ied  out for B N F L . The m odel
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was co n s tru c ted  o f  hard  foam  bu il t  up in 10mm layers and a t tached  to a 
p ly w o o d  base  board . T h ese  co n to u r  levels rep resen t  5m steps a t  full scale . A 
ram p was added  at the u pw ind  edge  to m in im ise  d is tu rbances  cau sed  by the 
t ran s i t io n  f ro m  the  w ind  tunne l f lo o r  to the m odel su rface  level.  F igures  
3.15 and 3 .16  show  som e pho tog raphs  taken o f  the model w hen  it was 
in s ta l led  in the  E nF lo  w ind  tunne l to inves t iga te  the 270° w ind  d irec t ion .  
F igure  3.15 gives an idea  o f  the ex ten t o f  landscape that was m o de lled  
a ro u n d  the  m ain  site  bu ild ings .  T he  expanse  o f  model u ps tream  o f  the site  
bu ild ings  represen ts  about 800m  at full scale. F rom  Figure  3.16 we can see 
th a t  the bu i ld in g s  su r ro u n d in g  B 204  are a round  h a lf  its he igh t ,  and tha t it 
lies c lose  to the cen tre  o f  the  industr ia l  site. Som e o f  the bu ild ings  located  
in the  v ic in i ty  o f  B 204  w ere  rem ade  because  the ir  edges had  becom e 
d a m a g e d  d u r in g  t r a n sp o r ta t io n  b e tw een  the  va r ious  w ind  tu n n e l  s tu d ie s  in 
w h ich  th is  m odel has been  used. B ecause  o f  the range  o f  w ind  d irec tions  
w h ich  h av e  p rev io u s ly  been  s tud ied  u s ing  this m odel, it had b eco m e  very  
f ra g m e n te d  as p ieces  w ere  cu t  to fac i l i ta te  its ins ta l la t ion  into the 
re sp e c t iv e  tunne ls .  T he  f irs t  ta sk  tha t n eeded  to be done  b e fo re  a ssem b lin g  
the  m odel,  w as to label and pho tograph  every  p iece, so that a m ap could  be 
p ro d u c e d  sh o w in g  how  the  hu g e  j ig sa w  fit ted  together.  This  p ro v e d  very  
u se fu l ,  p a r t ic u la r ly  w hen  d e c id in g  on w here  the ex is t ing  cu t lines w ere. 
F ig u re  3 .17  show s  the  m odel p ieces  that w ere  ins ta l led  w hen  in v es t ig a t in g  
the  150° w in d  d irec tion .
H a v in g  d e sc r ib e d  the  e x p e r im e n ta l  fac i l i t ies ,  and the b u i ld in g  g ro u p s  to be 
inves t iga ted ,  we are now  in a position  to look at som e o f  the m easu rem en ts  
th a t  h av e  been  m ade  o f  f low  and d ispers ion  w ith  and w ithou t  the  b u ild ings  
p r e s e n t .
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Figure 3.10. Coil calibration results for the gas sampling 
equipment, obtained from 7 successive calibration runs.
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Figure 3.12. Generic building groups studied based on the B204 
building at Sellafield. All releases were made above the group
centre.
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Figure 3.15. 270° wind direction over the Sellafield site model in
the EnFlo tunnel at Surrey University, (looking downwind)
F ig u re  3 .1 6 . C lo s e  u p  o f  th e  b u i ld in g s  s u r r o u n d in g  B 2 0 4
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C hapte r 4 F lo w  Results
Chapter 4. Flow Results
4.1. Introduction
T o d e te rm in e  the effec t  tha t bu ild ings  have on e leva ted  d isp e rs io n ,  it is 
im p o r ta n t  to  c h a ra c te r is e  the  b e h a v io u r  o f  the ap p ro ach in g  f low . F o r  
ex a m p le ,  it is w ell  k n o w n  that h ig h e r  tu rb u len ce  in tens it ie s  in the 
u p s tream  f low , lead to a reduc tion  in the length  o f  the separa ted  flow 
reg ions  c rea ted  on the bu ild ing  ro o f  and sides. C learly , if  the com plex  flow 
p a t te rn s  a ro u n d  the  b u i ld in g  are  sen s i t iv e  to u ps tream  flow  co n d i t io n s ,  the 
h e ig h t  at w h ich  a re lease  beco m es  s ig n if ic an t ly  in f lu en ced  by the  
p e r tu rb e d  b u i ld in g  f low  w ill a lso  be  a ffec ted . F low  m e a su re m e n ts  have  
been  m ad e  in the  u n d is tu rb ed  neu tra l  and s tab le  bo u n d ary  layers  to 
d e te rm in e  th e se  c h a ra c te r is t ic s ,  and to e s tab l ish  the sp a n w ise  d is tan ce  over  
w h ich  the  b o u n d a ry  layers  w ere  ap p ro x im a te ly  two d im e n s io n a l .  All the  
m e a s u re m e n ts  in the n eu tra l  b o u n d a ry  layer  w ere  m ade  u s in g  a c ro ss -w ire ,  
b u t  in the  s ta b le  b o u n d a ry  layer, w here  ve loc ity  and tem p e ra tu re  
v a r ia t io n s  are  bo th  s ig n if ican t ,  a one  co m p o n en t  L ase r  D o p p le r  
A n e m o m e te r  (L D A ) was used  in con junc tion  with a co ld  wire. A t each 
p o s i t io n  in the  s tab le  bo u n d ary  layer, m easu rem en ts  w ere  m a d e  at fo u r
d if fe re n t  p ro b e  ang les  to d e te rm in e  U ,  u2, w 2, and u w .  T he  sy n c h ro n ise d  cold  
w ire ,  ab o u t  4 m m  d o w n s tream  o f  the L D A  m easu rem en t vo lum e, enab led  the 
te m p e ra tu re  f lu c tu a t io n s  and  f lu x es  T 2 , u T  and w T  to be de term ined .
T h e  em p h as is  o f  this p ro jec t  was to inves tiga te  the d isp e rs io n  effec t  caused  
by v a r io u s  b u i ld in g  g roups  fo r  e leva ted  re leases .  H ow ever ,  s in ce  the 
re su l t in g  d isp e rs io n  o f  a p lum e  is very m uch  a p roduc t  o f  the  b eh av iou r  o f  
the  f lo w , u n d e rs ta n d in g  m o re  a b o u t  the  w ake  p e r tu rb a t io n s  w as c lea r ly  
ben e f ic ia l .  C ro ss -w ire  m e a su re m e n ts  have  been  m ade in the w akes  o f
bu ild ing  groups A, B and F (See F igu re  3.12), for both the 0° and 45° w ind  
d i re c t io n s ,  in the n eu tra l  b o u n d a ry  layer. M e a su re m e n ts  h a v e  no t been  
m ad e  in r e c i rc u la t io n  re g io n s  or  w here  the  tu rb u len ce  in te n s i t ie s  are  very
high  s ince  a c ross -w ire  is no t su itab le  for  these  flows. For the purposes  of 
o u r  s tudy  th is  w as no t c o n s id e red  res tr ic t ive ,  s ince e leva ted  p lum es rem ain  
a b o v e  the  n e a r  w ake  reg io n  and  on ly  b eco m e  s ig n if ican t ly  e n tra in e d  
fu r th e r  d o w n w in d .  T he  w ak e  m easu rem en ts  have  been c o m p a re d  to a 
s im p lif ied  3D  version  o f  the sm all  def ic it  w ake  model p roposed  by C oun ihan  
et al (1974)  to inves tiga te  its su itability . By m apping out the f low  fields for 
som e o f  the  bu ild ing  groups I in tended  to identify  w hat type o f  flow 
p e r tu rb a t io n  g av e  r ise  to the  re su l t in g  e n h a n c e m en t  o f  the g ro u n d  leve l  
c o n c e n t r a t io n s  fo r  an e le v a te d  re lease .
S o m e  c ro ss -w ire  m easu rem en ts  hav e  been  m ade  over the S e l la f ie ld  site  to
co m p are  the w ake  o f  the iso la ted  B 204 bu ild ing  with that over  the site, thus
e n a b l in g  us to d e te rm in e  the net effec t  that this large indus tr ia l  site is 
h a v in g  on  the  b o u n d a ry  la y e r  c h a ra c te r is t ic s .
4.2. Flow characteristics in the undisturbed boundary layers
V e r t ic a l  p ro f i le s  o f  the m ean  ve loc ity  and tu rbu lence  in the neu tra l  and  
s tab le  b o u n d a ry  layers  are  p re sen ted  in F ig u re  4.1. T h e se  m e a su re m e n ts  
w ere  m ade  on the tunnel cen tre l ine  at x = 1 3 .5 m  and x = 1 6 m  re sp e c t iv e ly  in 
the  neu tra l  and  s tab le  bo u n d ary  layers . T h ese  pos i t ions  are b o th  lm
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d o w n s tre a m  o f  the  sou rce  lo ca tion  used  d u ring  the re sp e c t iv e  d isp e rs io n  
stud ies .  P ro f i le s  at o ther  locations w ere  also m ade to d e te rm in e  the 
d e v e lo p m e n t  o f  the  b o u n d a ry  layers  w ith  d o w n s tream  d is ta n c e  and the 
cross  s t ream  w id th  over w hich  the f low  was two d im ensiona l .  T h e  velocity  
p ro f i le s  in the  top p lo t in F igu re  4.1 show clearly  the  d iffe ren t  b o undary  
laye r  dep th s  fo r  the neutral  and s tab le  flows. W ork ing  w ith  a m odel  sca le  of  
1:500 th e se  b oundary  layer  dep ths  co rrespond  to 500m  for the  neu tra l  case 
and 125m fo r  the stable  case  at full scale. B o th  these values are  qu ite  typical 
o f  the dep th s  one w ould  expec t  to observe  in the a tm o sp h ere  fo r  their 
r e s p e c t i v e  s t a b i l i t i e s .
In  the m id d le  p lo t,  these  p rofiles  have  been  f itted  by the  lo g - l in ea r  
b o u n d a ry  la y e r  eq u a t io n  g iv en  by:
w here  k  is the  von K arm an constan t taken as 0.41, u* is the fr ic t ion  velocity ,
Z0 is the  roughness  length, p„ is a constant, and L  is the M o n in  O bukhov
leng th  sca le .  In the  neu tra l  b oundary  layer, L  tends to in fin ity , so the 
second  te rm  in the curly brackets  goes to zero, leaving ju s t  the  log part  o f  
the  e q u a t io n .  A n  e s t im a te  fo r  the f r ic t ion  ve loc ity  in the n eu tra l  bo u n d ary  
layer  can  be  found  from the slope  o f  the velocity  p ro f i le  w hen plo tted  in
th is  w ay. S in ce  by def in it ion  the f r ic t ion  velocity  is g iven  by:
it can  be  d e te rm in ed  m ore  d irec tly  f rom  the  shear s tress  m easu rem en ts  in 
the  c o n s ta n t  s tress  reg ion  u w cs. B o th  m ethods  of ob ta in ing  the  fr ic tion  
ve loc ity  w ere  w ith in  5% o f  each  o ther, but the value recorded  on the p lo t  
w as c a lc u la ted  fro m  the  sh ea r  s tress. T he  roughness  leng th  w as  found by 
ex trap o la t in g  E q u a tion  (4.1) back  to the po in t at which it c rosses  the Y axis,
i.e. the h e ig h t  at w hich the velocity  is zero. This he igh t  is not d irectly  
m e a s u ra b le  s ince  it is a lum ped  p a ra m e te r  d esc r ib ing  the  su rface  
a e ro d y n a m ic  ro u g h n e ss .  L o ca l  th ree  d im e n s io n a l i ty ,  in d u c e d  by the 
in d iv id u a l  ro u g h n e ss  e lem en ts ,  d o m in a te s  the  flow b e h a v io u r  at these  low  
e le v a t io n s .  z 0 is s ign if ican tly  less than  the he igh t o f  the  roughness  
e lem en ts ,  as w o u ld  be expec ted ,  and shou ld  be in d ep en d en t  o f  the  tunne l 
speed  p ro v id e d  the  su rface  is a e ro d y n am ica l ly  ‘ro u g h ’ . C as tro  and S n y d e r  
(1997) ,  sh o w e d  that for b lu f f  obs tac les  the roughness  R ey n o ld s  num ber ,  R e* 
shou ld  be  g rea te r  than 1 fo r  this c r i te r ia  to be sa tisf ied . The roughness  
R e y n o ld s  n u m b e r  is w rit ten  as:
w here  v is the k inem atic  v iscosity  w hich for air is taken as 1.5 x 10'5.
F o r  the neu tra l  boundary  layer w here  U ref was 2.5m/s, R e* equals  7.6, 
in d ic a t in g  th a t  th e  su rface  was in d e e d  a e ro d y n a m ic a l ly  rough .
F lo w  an d  d isp e rs io n  e x p e r im en ts  w e re  ca r r ied  out in the n eu tra l  b o u n d a ry  
layer long  befo re  the  tunnel was co m m iss io n ed  to s im u la te  a s tab le  f low . To 
s im u la te  n o n -n e u tra l  co n d i t io n s ,  the  bu o y an cy  forces in the f lo w  n e e d e d  to 
b eco m e  s ig n if ican t  com pared  to the inertia l ones. B ecau se  of  th is  it was 
d es irab le  to run the  tunnel s low ly, to keep the inertial forces low , and use  a 
la rge  v e r t ic a l  te m p e ra tu re  g rad ien t ,  to en h a n c e  the in f lu e n c e  o f  b u o y a n c y .
( 4 .1 )
( 4 .2 )
( 4 .3 )
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H o w ev er ,  the f low  over  the roughness  e lem ents  had to be kept
a e r o d y n a m ic a l ly  rou g h  o th e rw is e  R e y n o ld s  n u m b e r  e f fe c ts  b e c a m e  
im p o r tan t .  B y  in c reas in g  the he ig h t  o f  the  roughness  e lem en ts  in the  
stab le  b o u n d a ry  these  c r i te r ia  could  be ach ieved  at a tunnel speed  of 
1 .35m /s, g iv ing  a roughness  R eyno lds  nu m b er  o f  3.6. This resu lted  in the 
neu tra l  and  s tab le  b o u n d a ry  layers  no t u s in g  the sam e ro u g h n ess  e lem en ts ,  
so the  in c rea sed  roughness  length  m easu red  in the s tab le  ca se  was 
p re d o m in a n t ly  d u e  to the fact that the roughness  e lem ents  w ere  20m m  tall 
instead  o f  the 10mm ones used in the neu tra l  case. F low  m easu rem en ts  m ade 
u n d e r  n e u tra l  c o n d i t io n s  u s ing  the  ta l le r  ro u g h n ess  e lem en ts  gave  very  
s im ila r  va lues  fo r  z0, as w ere recorded  in the correspond ing  s tab le  case. 
H o w ev e r ,  s ince  all the  f low  and d isp e rs io n  ex per im en ts  a ro u n d  bu ild ings  
u n d e r  n eu tra l  co n d i t io n s  used  the 10m m  roughness ,  this is the boundary  
la y e r  fo r  w h ich  the f low  c h a rac te r is t ic s  h av e  been p resen ted .
F igu re  4.1 show s the R eyno lds  s tresses  in the  two boundary  layers, w ith  the 
h e igh t  n o rm a lised  by the  boundary  layer dep th . W e can see th a t  the 
s tre sses  in the  s tab le  boundary  layer  are supp ressed  by the s tab ili ty ,  that 
has the p r im ary  e ffec t  o f  dam ping  the vertica l  f luc tuations. T h e  e ffec t  o f
the s tab i l i ty  m ay have appeared  g rea te r  i f  the  20m m  ro u g h n ess  e lem en ts
had been  used  in both boundary  layers. T h e  ‘k in k ’ in the long itud ina l
no rm al s tress  p ro f i le ,  h a l f  way up the n eu tra l  boundary  layer, suggests  
tha t  the  b a r r ie r  wall was so m ew ha t too h igh  for the ro u g h n ess  e lem ents .  
H o w ev e r ,  the  boundary  layers w ere  ju d g ed  to be perfec t ly  ad eq u a te  fo r  the
re q u i re m e n ts  o f  this s tudy .
S p a n w ise  ve lo c i ty  p ro f i le s ,  m easu red  in the  neu tra l  bo u n d ary  layer,
show ed  that in the cen tra l  1.5m o f  the tunnel the ve locity  is w ith in  ± 5%  of 
the  a v e ra g e  va lu e  for  tha t  height. All the d ispersion  ex p er im en ts ,  e x cep t  '
som e over  the Se lla f ie ld  site, w ere  carried  out with the source on the tunnel 
cen tre l ine .  E v en  4m dow nstream  the p lum e w ould  be a lm ost w holly  
co n ta in ed  w ith in  the cen tra l  1.5m, w here  the  flow is ap p rox im ate ly  two
d i m e n s i o n a l .
To c h a ra c te r is e  the ve loc ity  p ro f i le  in the s tab le  boundary  lay e r  the 
variab les  that need to be de term ined  are u *,  z0, P„ and L .  T hese  were 
d e te rm in e d  a lo n g  w ith  the p a ra m e te rs  fo r  the  lo g - l in e a r  te m p e ra tu re  
p ro f i les  w h o se  equ a t io n  is given by:
w here  T*  is the  fric tion  tem pera tu re  in the stable  boundary  laye r  and (3, is a 
p ro f ile  constan t.  So we now  have to op tim ise  six variables to obtain 
rep re se n ta t iv e  f i ts  to the  velocity  and tem p era tu re  p ro f i le s  in the s tab le  
b o u n d a ry  layer. T h e  cu rv e  f i t t ing  w as su b jec t  to the  fo l lo w in g  constra in ts :
1. the  ro u g h n ess  length, z 0, to lie within ± 20%  of its value in the neutral 
b o u n d a ry  la y e r  fo r  the 20m m  ro u g h n ess  e lem en ts ,
2. the  fr ic tion  velocity , u*,  to vary with in  the limits o f  experim en ta l  sca tte r
w hen  c a lc u la ted  from  the  shear  s tress  m easu rem en ts  in the cons tan t  s tress
r e g i o n ,
3. the f r ic t ion  tem pera tu re ,  T , y to vary w ith in  the limits im posed  by
m a tc h in g  the  n o rm a l is e d  te m p e ra tu re  f lu c tu a t io n s ,  T I T * ,  to fu ll  scale, and
4. the pro f ile  constant,  /?„, to lie betw een 4.0 and 5.5.
( 4 .4 )
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T h e  c u rv e  fits to the velocity  and tem p era tu re  in the s tab le  b oundary  layer,
a long  w ith  the  values ob ta ined  for  all the param eters  app ea r  on the left  o f
F igu re  4 .2. T h e  he igh t  z is norm alised  by the M onin  O bukhov  length  sca le  
th a t  r e p re se n ts  the  he ig h t  at w h ich  the  sh ea r  p ro d u c t io n  o f  tu rb u le n t  
k ine tic  e n e rg y  ba lances  the  dam p in g  due  to the buoyancy . T h e se  p lo ts  
in d ica te  tha t  the  log - l in ea r  reg im e in ou r  s tab le  bo u n d ary  laye r  is b o u n d ed
at about z=L .
T h e  non d im e n s io n a l  ve loc ity  and te m p e ra tu re  g rad ien ts  in the  s tab le
b o u n d a ry  lay e r  a re  g iv en  by:
kz d U  A kz d T
  a n d   ( 4 .5 )
u * d z  T* dz
T h e  plo ts  on the righ t o f  F igure  4.2 show these  gradients  in our  stable 
bo u n d ary  layer  com pared  to a co m p ila t ion  o f  field results  m ade  by 
H o g s t ro m  (1988).  O ur results  fall qu ite  cen tra lly  w ith in  the range  o f  f ie ld  
o b se rv a t io n s ,  g iv in g  us c o n f id en ce  tha t  the stab le  boundary  lay e r  se t  up  in 
o u r  w in d  tu nne l  is ty p ica l  o f  a tm o sp h e r ic  n oc tu rna l  b o u n d a ry  layers.
F ig u re  4 .3  show s m easu rem en ts  o f  the  tu rbu len t  heat f lux and the 
t e m p e ra tu re  f lu c tu a t io n s  in ou r  s tab le  bo u n d ary  layer. T h ese  
m e a su re m e n ts  w ere  m ade  u s in g  the L ase r  D o p p le r  A n e m o m e try  sys tem  
sy n c h ro n ise d  w ith  a cold  wire. T he  m ax im a  in the long itud ina l  and v er t ica l  
tu rb u le n t  hea t  f lux  pro f iles  com pare  w ith  values o f  3 and r l re spec tive ly  
f ro m  m e a su re m e n ts  m ade  in the a tm o sp h e r ic  s tab le  bou n d ary  lay e r  by 
C aughey  e t al (1979).
In the s ta b le  b o u n d a ry  lay e r  ver t ica l  p ro f i le s  of  the  f low  ch a ra c te r is t ic s  
w ere  m ade  at the centre line , then at y = -3 1 3 m m  and y = -6 2 5 m m  for  one o f  the 
d o w n s tre a m  p o s it ions ,  to de te rm ine  over  w hat width  the layer  was two
d im e n s io n a l .  T h e  m easu rem en ts  at y = -3 1 3 m m  were very s im ila r  to the
c e n tre l in e  ones ,  b u t  in the  fu r th e r  po s i t io n ,  the ch a ra c te r is t ic s  had 
c h a n g e d  so m ew h a t .  All the  d isp e rs io n  ex per im en ts  ca r r ied  ou t in the s tab le  
f low  used  a sou rce  at the tunnel cen tre line ,  so over the l im ited  d o w nw ind  
d is ta n c e  in v e s t ig a te d ,  the p lu m es  w ere  co m p le te ly  co n ta in e d  w ith in  the  
reg ion  o f  tw o d im ens iona li ty ,  taken as the central  600m m  of  the  flow.
F ig u re  4 .4  show s spec tra  and au to co rre la t io n  m easu rem en ts  m ad e  in the 
n eu tra l  b o u n d a ry  layer, w ith  the  c o r re sp o n d in g  tim e sca les  ca lc u la ted  from  
the results. T he  top plot presents  the spectra  at z=25, 100 and 45 0 m m , w ith  
the  va lues  sh if ted  by an o rd e r  o f  m ag n itu d e  with inc reas ing  he igh t .  T h e  
so lid  lines each have  a s lope  o f  -5/3 assoc ia ted  with the energy  cascade  
f rom  the  la rger  sca les  to the sm alle r  ones. H ig h er  up in the boundary  layer  
the  spec tra  have a slope o f  -5/3 for about 2 decades, but c loser  to the ground  
the  sca le  o f  the energy  con ta in ing  edd ies  decreases . T h e  m idd le  p lo t in 
F ig u re  4 .4  show s the  a u to co r re la t io n  o f  the s t ream w ise  ve loc ity  c o m p o n e n t
n o rm a l is e d  by u 2 at each position . T h e  in tegral time scales  w ere  ca lcu la ted  
by in teg ra t in g  benea th  the p lo ts  up to the po in t at w h ich  they first cross  
the  x ax is ,  to rem ove  con tr ibu tions  from  the sm all pos itive  or nega tive
values  at la rge  tim es.
T h e  low er p lo t show s the ca lcu la ted  length  scales for both  the vertica l and 
lo n g i tu d in a l  v e loc ity  co m p o n e n ts  fo r  a range  o f  he igh ts  in the  neu tra l  
b o u n d a ry  layer .  T h e se  w ere  c a lcu la ted  by m ult ip ly in g  the in teg ra l  t im e  
sca les  by the local advec tion  velocity . The length  scales inc rease  with 
he igh t ,  and  for the  vertica l com p o n en t  they are ap p rox im ate ly  equal to z  
c lo se r  to the ground . T hese  length  scales are ju s t  a little above those
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m easu red  in o th e r  s im u la ted  bo u n d ary  layer, Robins  (1979), an d  to 
m e a s u re m e n ts  m ad e  in the  a tm o sp h e r ic  b o u n d a ry  layer.
4.3. Flow measurements in the building wakes compared 
with 3D model.
4 . 3 . 1  I n t r o d u c t i o n
T h e  p e r tu rb e d  f lo w  ch a ra c te r is t ic s  in the  bu ild ing  w akes w ere  in v e s t ig a te d  
by m e a su r in g  ver t ica l  and la tera l  p ro f i le s  u s ing  a c ross -w ire ,  see  S ec t io n
3.4.1 fo r  de ta ils .  By m aking  such m easu rem en ts  at a nu m b er  o f  do w n stream  
posit ions  the sp read  and decay  rates in the w akes could  be an a ly sed  and 
com pared  to the 3D wake m odel, sum m arised  in Section 2.4.3 and fully 
do cu m en ted  in A ppen d ix  3. A ca ta logue  o f  all the m easu rem en ts  m ade 
d ow nstream  o f  bu ild ing  cases  A, B and F, is presented in A ppend ix  4. T he  
a u to m a ted  t ra v e rs in g  rou tine ,  used to m ap ou t the w ake  ch a ra c te r is t ic s  w ith  
the c ross-w ire ,  was run once  in the absence  o f  any build ings.  This  d a ta  set 
w as taken  as the  und is tu rb ed  f low  values  w hen  ca lcu la t ing  the  f low  
p e r tu rb a t io n s  in  the  b u i ld in g  w akes .
4 .3 .2  V e l o c i t y  d e f i c i t  i n  t h e  w a k e s
L a te ra l  p ro f i le s  o f  the ve loc ity  def ic i t  for the  three bu ild ing  cases  are 
show n in F igu res  4.5 to 4.7. T hese  m easu rem en t were m ade at h a l f  the 
b u ild ing  h e igh t  fo r  all the  d o w n s tream  s ta tions .  The solid lines  d raw n  on 
the upper  plots are the results  o f  the  3D w ake  model, the only  free
p a r a m e te r  b e in g  u ,  which  has been optim ised  to give the best f i t  to the
m easu red  ve loc ity  def ic its  fo r  the th ree  b u ild ing  cases. T he  eq u a t io n  fo r  the
velocity  def ic it  appeared  as E quation  2.35 in C hapter  2, but is repea ted  here  
fo r  r e f e r e n c e :
Decay rate Lateral ^  ^Verticn/ ^
u =  ue~'+  ( 4 .6 )
T h e  ver t ica l  eddy  v iscosity  k z was de f ined  by the ups tream  f lo w  cond it ions
so k z- m * H b and k Y was set at 1.5 times k z. A Gaussian shape seem s fairly 
re p re se n ta t iv e  o f  the  la tera l  p ro f i les  fo r  the  norm al w ind  d irec t io n ,  bu t 
par t icu la r ly  fo r  bu ild ing  case  B, the  sm alle r  side peaks may ind ica te  the 
p resen ce  o f  the tra il ing  h o rse  shoe  vortex  system , w h ich  is a ssu m ed  by the
m odel to have  decay ed  in to  in s ig n if ican ce .  H ow ever ,  w hen  the  bu i ld in g s  
are p laced  d iag o n a l ly  to the  ap p roach  f low  the G auss ian  p ro f i le  p red ic ted  
by the m odel is c learly  not applicable . For bu ild ing cases B and F  d iagona l  to 
the  f low , b eyond  ten b u ild ing  h e igh ts  d ow nstream  the re  is an excess  
instead  o f  a de f ic i t  o f  velocity  on the wake centreline. T hese  w akes are  not
ac t ing  as a m o m en tu m  d o m in a ted  ones,  bu t coheren t  vortic ity  is sw eep in g
eleva ted , h ig h er  ve locity  f lu id  dow n into the centre  o f  the w akes.  This is 
lead ing  to a ve loc ity  oversh o o t  at the  w ake centre line  o f  a ro u n d  10% for 
bu i ld in g  case  F, at 25 bu ild ing  he igh ts  dow nstream . This  s trong  vortex  
sys tem , genera ted  at the sw ep t back  leading edges o f  the bu i ld in g  roof, is 
r e n o w n e d  fo r  p ro d u c in g  s ig n i f ic a n t  w ake  d o w n w a sh .  H e re a f te r ,  r e su l ts  
from  the 3D w ake  m odel will not be com pared  to w ake  m easu rem en ts  when  
the bu ild ings  are  at 45 degrees  to the approach  flow, since the  m ode ll ing  
a s su m p t io n s  fo r  th is  s i tu a t io n  are  invalid .
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V e r t ic a l  c e n t re l in e  p ro f i le s  o f  u, «2, w 2, and u w  are shown in F igures  4.8 to 
4 .13  for  the th ree  bu ild ing  cases  norm al to the approach  flow. T h e  solid  
lines once  again  ind ica te  the p red ic tions o f  the 3D w ake m odel, u  is the 
on ly  em p ir ica l  input to the  m odel tha t has been  changed  b e tw een  the 
d if fe ren t  b u i ld ing  cases ,  and its value has been optim ised  to g ive  the  b es t  fit
to the ver t ica l  p ro f i les  for  ve locity  deficit .  T he  m agnitude  o f  the  m ax im u m  
ve lo c i ty  d e f ic i ts  are w ith in  10%, apart  from  far  d o w n stream  w here  the 
m e a su re d  p e r tu rb a t io n s  b e c o m e  o f  s im i la r  m ag n itu d e  to the  e x p e r im e n ta l  
e rro rs .  T h e  vertica l he ight,  L z, at w hich the m ax im u m  ve loc ity  def ic i t  
occurs ,  is well p red ic ted  by the model for build ing  cases A and B. T he peak  
in the m easu rem en ts  occur  a little  low er  when com pared  to the m odel in 
the w ake  o f  bu ild ing  case F. Substi tu t ing  our defin it ion  o f  k . into the
e q u a t io n  fo r  L z we obtain:
L .  <4 -7 >
So, fo r  a spec if ied  n u m b er  o f  bu ild ing  he igh ts  dow nstream , L ,  is d irec tly
p ro p o r t io n a l  to the bu i ld in g  height,  and to the square  roo t o f  the f r ic t ion
v e lo c i ty .  T h e re fo re ,  c h a n g in g  u  has no effect on L . ,  thus all th ree  b u ild ing  
cases  are a ssum ed  to have  the sam e vertical length  sca le  in the ir  w akes. 
H o w ev er ,  it seem s reasonab le  to expec t that the position  o f  the m ax im u m
veloc ity  d e f ic i t  (z - L z), should  be a function o f  the porosity  of  the array o f  
b u i l d i n g s .
T h e  c o n s ta n t  u  in the m odel is related to the couple  that the flow exerts on 
the  b u i ld in g  and  nea rb y  su rfaces  v ia  the  p re ssu re  d is t r ib u t io n  and the  
sh e a r  s tresses .  It is this cou p le  that is conserved  in the bu ild ing  w ake  s ince  
in te rac t io n  b e tw een  the  w ake  and the su rface  d o w nw ind  o f  the  obs tac le  can
only  p ro d u c e  a drag  w ithou t  affec ting  the couple . W e w ould  exp ec t  tha t the 
va lue  o f  u  should  the re fo re  be  re la ted  to the f low  obstruc tion  caused  by the
bu ild ing  group. A value o f  1.25 for  u / U ref gave  good agreem en t w ith  the 
m easu red  velocity  per tu rba tions  fo r  case A. A value o f  3.75 w orked  w ell fo r  
bu ild ing  case  B, w hich  has th ree  times the frontal area o f  case A. It is 
so m ew h a t  su rp r is ing  to note  that for case F, w hich consis ts  o f  n ine  case  A  
bu i ld in g s  spaced  by one b u ild ing  w idth , we observe  that u t U rcf has a value  
o f  around  9 x 1.25 s  11.25. So it appears that, for the spaced  build ing  array, 
each  b u ild ing  is ac ting  s im ilarly  to how  it would  if it w ere in iso lation . 
C lea r ly ,  m ore  b u i ld ing  g roups  w ould  need  to be  inves t iga ted  b e fo re  any 
g en e ra l  ru les  cou ld  be  e s tab l ish ed ,  bu t no n e - th e - le ss ,  this^ is an in te re s t in g  
o b s e r v a t i o n .
4 .3 .3  R e y n o l d s  s t r e s s  p e r t u r b a t i o n s  in  w a k e s
T h e  3D m odel was derived  orig inally  to obtain  the velocity  def ic it  in the 
b u i ld in g  w ake ,  bu t u s ing  the eddy  v iscos i ty  re la t ionsh ip , we can  ca lcu la te  
the  p e r tu rb e d  shear  stress. T h is  leads to the equation:
w h ich  ap p e a re d  as E q u a t io n  2 .37  in C h ap te r  2. The m ax im u m  per tu rb a t io n  
in the  ver t ica l  p ro file  now occurs  at z = L ,V 3 rather than at L z as fo r  the 
ve lo c i ty  de f ic i t .  V er t ic a l  p ro f i le s  o f  the pe r tu rb ed  s tresses  for b u i ld in g
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cases A, B and F are presented  in Figures 4.8 to 4.13. T he positions o f  the 
p eak s  in  the  p e r tu rb ed  sh e a r  s tress  p ro f i le s  are again  very  s im ila r  be tw een  
the m odel and the m easurem ents  for  build ing cases A and B. C ase  F, 
c o n s is te n t  w ith  its p e r fo rm a n c e  on the  v e loc ity  p e r tu rb a t io n s ,  has 
m easu red  peaks  o c c u rr in g  be low  the  m ode lled  ones. T he  a ssu m p tio n  tha t  
the  sh e a r  s tre sses  can be m o de lled  by the m ean  ve loc ity  g rad ien t  ce r ta in ly  
seem s to w ork  well in the m ain  wake reg ion , when at a su ff ic ien t  d is tance
from  the g round . B e low  z = L ,  the shea r  stress pertu rba tion  in the wake 
becom es a def ic i t  ra ther than an excess. C loser  to the ground  th is  leads to an 
u n re a l is t ic  re su lt ,  b ecau se  the c o n s tan t  eddy  v iscos ity  ap p ro x im a tio n  is no 
longer  valid; k z needs to be reduced to zero at the surface. This  is coped with 
by C o u n ih an  et al (1974) in their 2D wake m odel by in troduc ing  a separa te  
f low  reg ion  c lose  to the ground. W hen  com paring  our 3D w ake  m odel to the 
p e r tu rb ed  R ey n o ld s  s tresses  w e will only co n s id e r  the part  o f  the p ro f i le  
that is above  z = L z ( the posit ion  at w hich  the curved  line c rosses  the vertica l 
a x i s ) .
B e y o n d  7 b u i ld in g  he igh ts  d o w n w in d ,  the m ax im um  excess  sh e a r  stress 
p red ic t io n s  for cases  A and  B are w ith in  the scatter o f  the experim en ta l  
da ta ,  b u t  c lo se r  in the va lues  are  s ign if ican tly  o veres t im a ted  by the m odel. 
F o r  b u ild ing  case  F, the pred ic t ions  fo r  the excess  shear stress are poor  at 
all the sta tions. T he  o v eres t im a tion  fo r  all the bu ild ing  groups  c lose  in 
cou ld  be caused  by the v io la tion  o f  one o f  the m odell ing  assum ptions ,
nam ely  tha t the ve loc ity  def ic i t  is ‘sm a l l ’ re la tive  to the  app roach  flow. T he  
def in it ion  o f  ‘sm a l l ’ is often  taken as less than 30%. For bo th  bu ild ing  cases 
B and F, the m ax im um  velocity  defic it is in excess of  30%  for the two m ost 
u ps tream  s ta tions ,  so at these  positions the app lica tion  o f  the  m odel m ay 
well be  suspect.  H ow ever,  no assum ption  has been m ade  in the model abou t 
the s ize  o f  the pe r tu rbed  s tresses  re la tive  to the  ap p roach ing  flow . So, 
a l though  in som e cases we see the stresses enhanced in excess  o f  100%, this 
in i tse l f  does no t render  the  m o d e l’s app lica t ion  invalid .
T h e  3D m odel a ssum es tha t  the o the r  per tu rbed  stresses  u2 and w 2 are 
d irec t ly  p ro p o r t io n a l  to the  shea r  s tress  so that:
Aw2 = A , t jk and A w 2 - X 2t xz ( 4 .9 )
T yp ica l  values in the a tm osphere  are A;=5 and A2= l-5 ,  but in the wake model 
w e h av e  found _that when A; =2.5 , m uch  be t te r  ag reem en t  is ach iev ed  w ith
the  p e r tu rb e d  u2 profiles for all the wakes. The position  of  the m axim um
excess in u2 is quite  well p redicted  by the m odel for cases A  and B, but once 
again  the  peak  in the m easu red  pro f i les  occurs  at a low er  e leva tion  fo r  case  
F. A fte r  chang ing  the value o f  2 , to 2.5 instead o f  5 the  m agnitude  of  the 
p e r tu rb a t io n  g iv en  by the m ode l  is m uch  m ore  reasonab le .  T h e  b eh av io u r  
o f  the w 2 p e r tu rb a t io n  in the  w ake  is som ew ha t d if fe ren t  f ro m  the o th e r  
tw o s tre sses ,  s ince  the m easu rem en ts  never  go n ega tive  in the  low er p a r t  of 
any o f  the profiles. This ind ica tes  that in no part  of the wake do  the vertical 
f lu c tu a t io n s  fall be low  the  u n d is tu rb ed  boundary  laye r  value . A lso  the  
m e a su re d  peaks  o c c u r  a p p ro x im a te ly  at z - L z rather than z  =  L z J 3 as 
p red ic ted  by the m odel.
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4 . 3 . 4  D e c a y  o f  t h e  p e r t u r b a t i o n s  i n  t h e  w a k e s
T h e  d ecay  o f  the  per tu rb a t io n s  in the  w ake w ere  an a ly sed  by co n s id e r in g  
the  m ax im u m  m easured  d e f ic i t  or excess at a given cross  sec tion . F o r  the 
d iag o n a l  cases ,  the p o s i t io n s  o f  the m ax im um  velocity  defic it  and 
tu rb u le n c e  excess  m ove  u p w ard s  and o u tw ards  from  the w ake  cen t re l in e  
w ith  d o w n s tre a m  d is tance .  P lac in g  the p robe  in the r igh t po s i t io n  to 
m e a su re  th e se  m ax im u m  va lues  was not s tra ig h t  fo rw ard , and requ ired  
s o m e  p re l im in a ry  m e a s u re m e n ts  to d e te rm in e  a p p ro x im a te ly  w h e re  they  
o ccu r .  S in c e  the  ver t ica l  g rad ien ts  in the f low  are m uch  sh a rp e r  than  those  
in the sp an w ise  d irec tion , it was m ore  im portan t  to have the p ro b e  at the 
co r rec t  e lev a t io n  than at the exac t  spanw ise  location. T h e re fo re ,  m ost o f  the 
va lu es  fo r  the  m ax im u m  pe r tu rb a t io n s  are  taken  from  the v e r t ica l  p ro f i le s ,  
w h ich  w ere  m easu red  at app ro x im a te ly  the ‘b e s t ’ sp an w ise  p o s i t io n  fo r  that 
p a r t i c u la r  c ro ss  sec tion . T ra c k in g  the m ax im u m  p e r tu rb a t io n  fo r  the  
‘n o rm a l ’ cases  was m uch  m ore  s tra igh t fo rw ard , s ince the  p eak  in the 
s p a n w is e  p ro f i le s  a lw ay s  o c c u r re d  on w ake  cen tre l ine .
F ig u re  4 .1 4  show s the m ax im u m  m easu red  pe r tu rb a t io n s  for the  th ree  
bu ild in g  cases  at 0° and 45° to the approach ing  flow. T he  lines draw n on the 
p lo ts  in d ic a te  the  decay  o f  the  m ax im um  p e r tu rba tion  w ith  d o w n s tre a m  
d is tance  as g iven  by the 3D model with the sam e inputs as descr ibed  in the 
p rev ious  sec tions. T he  decay  rate o f  the velocity  deficit  is (x / H b) ‘1-5, but for 
the  decay  o f  the enhanced  R eynolds stresses (x / H b) '2 is p red ic ted . As we 
n o t ic e d  from  the ver tica l p rofiles ,  the  m odel well rep resen ts  the  decay  in 
v e loc ity  de f ic i t  fo r  all the bu ild ing  cases norm al to the wind. C o m p ar in g  the 
m e a su re m e n ts  fo r  the  n o rm al w ind  d irec t ion  to those in the d iag o n a l ,  we 
see  th a t  the  m ax im u m  p e r tu rb a t io n s  are  a lw ays  g rea te r  fo r  the  
c o r re sp o n d in g  d iagona l  case. T he results  tend to be m ore  sca tte red  fo r  the 
d ia g o n a l  ap p ro ach  f low , p ro b ab ly  becau se  o f  the am b ig u i ty  o f  k n o w in g  
w h e re  to p lace  the probe. A ny  errors in p robe  pos i t ion ing  w ould  lead to 
lo w e r  m a x im u m  p e r tu rb a t io n  values  be ing  recorded . In  genera l  it seem s 
tha t  the  decay  ra te  for all  the per tu rbed  R eyno lds  s tresses  for the  d iagona l  
app roach  f low  is less than (x /H  b) '2, w hereas  fo r  the no rm al a p p ro ach  f low , 
th is  v a lu e  is in good  ag re e m e n t  w ith  our  e x p e r im en ta l  o b se rv a t io n s ,  
pa r t icu la r ly  fo r  bu ild ing  cases A and B. B u ild ing  Case F norm al to the flow , 
w hich  is not a s ing le  cubo id  but an array, has s low er decay  rates for all its 
p e r tu rb e d  R ey n o ld s  s tresses ,  and is m ore  s im ila r  to the d iagona l  case  in 
te rm s o f  w ake  decay.
4 . 3 . 5  P e r f o r m a n c e  a n d  s u i t a b i l i t y  o f  t h e  m o d e l
F ig u re  4 .15  show s the m easu red  ang le  that the  m ean s t ream lin es  m ake  with 
the  h o r izon ta l ,  in the x z  p lane  at the  wake cen tre line . T he  ang le  was 
c a lc u la te d  u s in g  the  lo n g i tu d in a l  and  ve r t ica l  ve loc ity  co m p o n e n ts  f ro m  
the  c ro ss -w ire ,  when  the p robe  was located  at the bu ild in g  heigh t.  A 
n eg a t iv e  ang le  deno tes  d o w n w ash  in the w ake  w hich is m ost s ig n if ican t  for 
the  d iag o n a l  cases. F rom  our d ispe rs ion  results  p resen ted  in C h ap te r  5 we 
w ill n o tice  tha t the d o w n w ash  in the  bu ild ing  w ake has a s ig n if ic an t  e ffec t  
on  the  g ro u n d  leve l c o n c e n tra t io n s  fo r  e lev a ted  re leases .  T he  d e sc e n d in g  
s t ream lin es  above  the w ake  cause  e leva ted  f low  to b eco m e  part o f  the 
s p re a d in g  b u i ld in g  w ake, b r in g in g  the  p lu m e  in con tac t  w ith  the  g ro u n d  
m uch  sooner .  C urren tly  ou r  w ake m odel  m akes no p red ic t ion  o f  this 
d o w n w ash  velocity , so if  this model is to be used for  e levated  releases  it will 
need  to be ex tended . C on tinu ity  tells us that:
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du
dx
(4 .1 0 )
bu t m ore  a ssum ptions  w ould  need to be m ade about the w ake  beh av io u r  
b e fo re  w e  can  obta in  an equa tion  o f  the dow nw ash , ( w )  in the wake.
M e a su re m e n ts  have  show n tha t  the 3D w ake m odel can  p red ic t  the ve loc ity  
de f ic i t  and  the excess  in the R ey n o ld s  stresses  reasonab ly  well fo r  a 
m o m e n tu m  d o m in a ted  w ake. T he  ro o f  vortices ,  w hose  p re sen ce  is 
s ig n i f ic a n t  w hen  the b u i ld in g  is d iag o n a l  to the a p p ro ach  f low , en tra in  
e le v a te d  h ig h e r  ve loc ity  f lu id  dow n  in to  the bu ild ing  w ake. B ey o n d  ten 
b u i ld ing  he igh ts  dow nw ind , this leads to an excess  ins tead  o f  a defic it  in 
ve loc ity  at the w ake cen tre l ine .  So there  are two separa te  p rocesses  tha t  are 
go ing  on in such a wake, a m om en tum  defic it  as for the norm al wind 
d irec t io n ,  bu t w ith  the su p e r im p o sed  action  o f  co h eren t  vo rt ic i ty .  T he  3D 
m o m e n tu m  d o m in a ted  w ake  m odel tha t  has been  d ev e lo p ed  co u ld  the re fo re  
still  be  used  in the d iagona l  b u ild ing  wakes a long  w ith  a n o th e r  m odel, yet 
to be d ev e lo p ed ,  w hich  cou ld  su itab ly  descr ibe  the b eh av io u r  o f  the ro o f  
vortices .  T h e  d iff icu lt ies  in p ro d u c in g  a m odel o f  the ro o f  vortices  are, how  
to d e te rm in e  both  the ir  in i t ia l  s treng th  and decay  ra te  in the  h igh ly  
tu rb u le n t  f low  d o w n s tream  o f  the bu ild ing . T h e  roo f  vortices  are rare ly  if  
e v e r  ba lan ced ,  so one side will be  s tronger  than the o ther  cau s in g  the  w ake  
to be u n sy m m etr ica l .  The m odel  w ould  also need  to rep resen t  the  effec t  o f  
the  g ro u n d  on the  vort ic i ty .
T h e  f low  m easu rem en t  resu lts  fo r  these  6 bu ild ing  w akes  have  fo rm ed  a 
c o m p re h e n s iv e  da ta  base  ag a in s t  w h ich  fu tu re  m odels can be tes ted , and  
has in c re a se d  o u r  u n d e rs ta n d in g  o f  the d o m in an t  f low  reg im es  tha t occur.
4.4 Flow measurements over the Sellafield site model
C ro ss -w ire  m easu rem en ts  w ere  m ade  in the neu tra l  bo u n d ary  laye r  as it 
passed  o v e r  the Se llaf ie ld  site m odel for the 270° w ind  d irec t ion .  V ert ica l  
p ro f i le s  w ere  m easu red  500m , (full sca le  un its)  ups tream  o f  the  main 
b u i ld in g s ,  to ch a rac te r ise  the  a p p ro ach  flow. T he  site  m odel e x ten d ed  
a n o th e r  500m  u ps tream  o f  th is  pos it ion , w here  a fa ir ing  was co n s tru c ted  to 
sm o o th  the  f low  over the transit ion . F igure  4 .16  shows the p ro f i le s  w ith  and
w ith o u t  the  s ite  m odel p re sen t ,  c o m p ared  w ith  e a r l ie r  m ea su re m e n ts  m ade
in the B M T  w ind  tunnel fo r  the sam e Sellafie ld  site m odel (S ingh  (1990)) but 
in a d i f fe re n t  a p p ro ach  f low .
T h e  lines  d raw n  on  the ve loc ity  p ro f i le s  ind ica te  th a t  the ro u g h n ess  leng th
z 0 has dec reased  from  a va lue  of  0 .175m  (0.35 m m  at model scale) for the 
a p p ro a c h in g  b o u n d a ry  layer, to 0 .0 1 m  over the  site fo r  bo th  w ind  tunne l  
s tud ies .  T h is  effec t  may be  caused  by the accelera tion  that takes  p lace in the 
lo w er  pa r t  o f  the boundary  layer, as it passes  up the sm o o th e r  fa ir ing  and 
m ode l,  u p s t re a m  o f  this m easu r in g  s ta tion . T h is  w ould  cause  the  ro u g h n ess
leng th  to d ec rease  as the f low  velocity  c lose to the g round  has been 
in c rea sed .  A  g rea te r  up w in d  fe tch  o f  model te rra in  w o u ld  hav e  he lped  
these  t ra n s ie n t  e ffec ts  to se t t le  out. A dd it iona l  roughness  was not p laced  
ov e r  the m odel,  so for the rural, undeve loped  areas o f  the site, the 
ro u g h n e ss  leng th  tru ly  w o u ld  have  been  low er  than tha t  u p s tream  o f  the 
m odel .  T h e  c o n to u r  steps fo rm ed  w hen  m ode ll ing  the to p o g rap h y  help  to 
in c re a se  the  su rface  roughness ,  but the  S e lla f ie ld  site  is re la t ive ly  fla t ,
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re su l t in g  in sparse ly  spaced  c o n to u r  steps. So it seems reasonab le  to expec t  
the  ro u g h n e ss  length  o f  the b o u n d a ry  layer  over  the S e l la f ie ld  to p o g rap h y  
a lo n e  (no industr ia l  bu ild ings) ,  to be low er than that o f  the ap p roach  f low  
b o u n d a r y  la y e r .
T h e  lo n g i tu d in a l  f luc tu a t io n s  and sh ea r  s tresses  over the site co m p are  
fa ir ly  c lo se ly  with those  m easu red  during  B M T ’s prev ious s tudy. T hese  
quan ti t ies  are bo th  a little  be low  the values obtained in the absence  o f  the 
site. Th is  again  could  have  been  in f luenced  by the acce lera tion  o f  the f low  
o v e r  the site  m odel w h ich  w ou ld  tend  to suppress  tu rbu len t  f luc tua tions .
F igures  4 .17  and 4.18 show  the perturbations in the wake o f  B 204  when it 
w as p laced  in its position  on the site , com pared  to m easurem ents  m ade when 
it s tood  in iso lation  (build ing case A). F igure  3.16 shows a pho tograph  o f  the 
S e l la f ie ld  site  m odel look ing  d o w nw ind  for  the 270° wind d irec tion . T he 
b u i ld in g s  im m ed ia te ly  d o w n s tream  o f  B 204, w hich  are a p p ro x im a te ly  h a l f  
its he ig h t ,  p rev en ted  the v e r t ica l  p ro f i le s  in this reg ion  be ing  c o n t in u ed  to 
the  lo w er  e leva tions .  C learly , the velocity  defic it  in the site w ake  is very 
m u ch  e n h a n c e d ,  and the peaks  in the  per tu rb ed  R eyno lds  s tress  p ro f i le s  
a lw ay s  o c c u r  h ig h e r  up. T h ese  d if fe rences  seem  p red o m in a te ly  cau sed  by 
the  site  b u i ld in g s  d o w n stream  o f  B 204 ,  w hich  are su ff ic ien tly  c lose ly  
spaced  to fo rm  a zero p lane  d isp lacem en t at the ir  roof level. I f  we shift the
site  resu lts  for  the R eyno lds  stresses dow nw ards  by h a lf  the he igh t  o f  B 204 ,
they w ou ld  be qu ite  sim ilar  to those obtain when B204 was s tudied  in the 
a b se n c e  o f  the  s ite  and su r ro u n d in g  topography .
To ob ta in  a feel fo r  the overall e ffec t  o f  the Sellafield  site C ross-w ire  
m ea su re m e n ts  w ere  m ade  at four  sp anw ise  positions , and at 10 dow nstream  
s ta tions  fo r  the 270° w ind d irec tion . T he long itud inal positions  w ere  in the 
range  o f  500m  upw ind  of B204 (upstream  of all the build ings), to 2000m  
d o w n w in d  o f  B 204  which is about 1250m dow nw ind  o f  the coo ling  towers, 
see F ig u re  3.14. T he spanw ise  positions w ere  as follows:
1. d irec tly  in line with B 204,
2. 125m to the r ight o f  B 204 looking dow nw ind,
3. 125m to the left o f  B 204 looking dow nw ind, and
4. d irec tly  in line with cooling  tow er F8 which is to the right o f  B204 
lo o k in g  d o w n w in d .
O b v io u s ly  the spanw ise  pos it ions  show ed  la rge  varia tions for the  sam e 
d o w n s tre a m  loca tion  dep en d in g  on the  p rox im ity  to any o f  the m a jo r  site
b u i ld in g s ,  bu t at the fu r th es t  d o w n stream  s ta tion  all the p ro f i le s  were 
s im ila r ,  show ing  a sort o f  bu lk  e ffec t that the industria l site has  had on the 
b o u n d a ry  layer. F ig u re  4 .1 9  show s the b o u n d a ry  laye r  ch a rac te r is t ic s  fo r  
the  fu r th e s t  up s tream  and d o w n s tre a m  s ta t ions  for all four sp an w ise
posit ions .  T h e  f low  speed c lose  to the  ground  has certa in ly  been  reduced  by 
the  site  b u i ld in g s ,  bu t h ig h e r  up in the  b oundary  layer  the v e loc it ie s  have
inc reased  a little to com pensa te  for  the b lockage  effect o f  the Se lla f ie ld  site. 
A t a round  100m elevation , the  rate o f  change o f  velocity  with he igh t is far 
g re a te r  fo r  the  d o w n s tream  station . This  co rresponds  to the h e ig h t  at which  
the m a x im u m  R eyno lds  s tresses  occur. The m easurem ents  in the  w ake o f
the  c o o l in g  tow er ,  (one o f  the  la rges t  s truc tures  on the  Se lla f ie ld  site)
show s  the  la rges t  per tu rb a t io n s ,  s ince  this ind iv idua l  wake has not ye t
decayed  back  to the bu lk  per tu rba tion  due to the site.
1250 m dow n w in d  o f  the m ain  site, apart from  the cooling tow er  wake, all 
the  e f fec t  o f  the  ind iv idua l  bu ild ings  have  m erged  toge the r  to form  an
a lm ost  2 d im en s io n a l  change  in the boundary  layer. T he  site has acted like 
a la rge  c h a n g e  in su rface  roughness ,  but w hich  was not ex ten s iv e  en o u g h
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in the  lo n g i tu d in a l  d i re c t io n  fo r  ch a ra c te r is t ic  b o u n d a ry  la y e r  p ro f i le s  to 
fu lly  d e v e lo p .  D o w n w in d  o f  the  m ain  site, the su rface  roughness  has 
rever ted  to that o f  the rural site, so the low er part o f  the boundary  layer  is 
no lo n g er  so re s tr ic ted  by the  su rface  and the velocity  there  starts  to 
increase .  W h a t  w e are see ing  at this s ta tion , is a deve lo p in g  b oundary  layer 
tha t is in the process  o f  re spond ing  to a sudden decrease  in su rface  
r o u g h n e s s .
4.5. Conclusions from the flow measurements
W e h av e  c h a ra c te r is e d  bo th  the  n eu tra l  and s tab le  b o u n d a ry  layers  and  
h av e  sh o w n  tha t  they a re  rep re se n ta t iv e  o f  typ ica l a tm o sp h e r ic  f low s .  
C ro s s -w ire  m easu rem en ts  in the b u i ld in g  w akes have show n th a t  fo r  the  
d iag o n a l  w in d  d irec t ion ,  the  w ake  is s ign if ican tly  a ffec ted  by the  ro o f  
v o rt ices  g e n e ra te d  at the  sw ep t  back  lead ing  edges. B ey o n d  ten b u ild ing  
he ig h ts  d o w n s tre a m ,  this cau sed  the long itud ina l  ve loc ity  at the  w ake  
c e n tre l in e  to be above  that o f  the  und is tu rb ed  flow. T h e  hyp o th es is  tha t  the 
b u i ld in g  w a k e  is m o m en tu m  d o m in a ted ,  is c lear ly  an invalid  m o d e l l in g  
a s su m p t io n  fo r  d iag o n a l  app ro ach  f low . H o w e v e r  for  the  n o rm a l  w ind  
d irec t io n ,  co m p ar iso n s  o f  the  w ake  p e r tu rba tions  with our  3D m odel hav e  
y ie ld e d  r e a s o n a b le  a g re e m e n t .
C ro s s -w ire  m easu rem en ts  m ade  o v e r  the  S e lla f ie ld  site  have  show n  th a t  the 
f low  d o w n s tream  o f  B 204  is s ign if ican tly  a ffec ted  by the site  bu ild ings  in 
th is  reg io n  w hen  com pared  to those  results  obta ined  fo r  the iso la ted  B 204  
b u i ld in g ,  (b u i ld in g  case  A). M easu rem en ts  m ade  at fou r  sp an w ise  po s i t io n s  
1.25 km  d o w n stream  o f  the  m ain  industr ia l  site, indicated  that the  e ffec t  o f  
the  ind iv id u a l  b u ild ing  w akes had a lm o st  com ple te ly  m erged , to fo rm  a two 
d im e n s io n  c h a n g e  in the  b o u n d a ry  laye r  ch a rac te r is t ic s .  T h e  e f fec t  o f  the  
industr ia l  s i te  at this pos it ion  d o w n stream  w ould  be best m ode lled  as the  
ru ra l a p p ro a c h  f low , h a v in g  p assed  over  an area  o f  la rge  ro u g h n ess  fo r  
abou t 1.5 km . E ven  though  the local su rface  roughness  d o w n w in d  of  the  site  
has now  re tu rned  to its up w in d  value , the e ffec t o f  the ‘r o u g h ’ a rea  can  
s till  c lea r ly  be  seen  by the  en h an ced  R eyno lds  stresses  h ig h e r  up in the 
b o u n d a r y  la y e r .
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Figure 4.15 Centreline variation of flow angle in xz plane with 
dow nstream  distance at z=H b for the six building w akes studied.
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Chapter 5. Dispersion Results
5.1 Introduction
This chapter presents results from dispersion experiments carried out at 
1:500 scale in the stratified flow wind tunnel at the University of Surrey. 
Firstly, dispersion was considered in the undisturbed neutral and stable 
boundary layers that were developed in our wind tunnel. Once satisfactory 
dispersion behaviour in the undisturbed boundary layers was obtained, I 
then investigated elevated releases above generic building groups for a 
range of release heights and two wind directions. Finally, releases over the 
large industrial site at Sellafield were investigated, to ascertain how it 
would be best to simplify this complex situation for the purposes of 
dispersion modelling. This chapter plays a central part in the investigation 
of how elevated releases are influenced by buildings, using the percentage 
reduction in effective stack height to quantify this effect. An effective 
stack height was calculated from the maximum ground level concentration, 
C mclx, in each building wake, using the relationship between release height 
and Cmax obtained in the appropriate undisturbed flow. In this way the true 
perturbation due to the presence of the building was found, rather than 
comparing the building wake concentrations with some arbitrary 
dispersion model which may or may not represent the undisturbed 
boundary layer dispersion characteristics.
5.2 Dispersion characteristics in the undisturbed boundary 
layers
5.2.1 Growth of vertical and lateral plume dimensions.
Before investigating the effect that the presence of a building has on 
dispersion from an elevated release, it is important to characterise the 
behaviour in the undisturbed boundary layer. This was done by measuring 
vertical and lateral concentration profiles at a number of positions 
downstream of the source. These profiles were compared with the bi- 
Gaussian plume equation that appeared as Equation 2.1 at the beginning of 
the literature review. For the reader’s convenience it is repeated here:
where H b is the building height (which was 0.125m for all the wind tunnel 
results), and U(l(hec is the mean advection velocity of the plume which is 
often taken as the velocity at the release position. ay and cr. are the lateral 
and vertical plume spread coefficients, and zp is the plume centreline 
height. A least squares fit was used to determine the optimum values of the 
coefficients for each of the measured profiles. All the concentration 
measurements presented in this report are in non-dimensional units, so 
that experiments using different release rates etc. can readily be compared. 
Q is the source flow rate in m3/s, and Uref is the wind speed at the top of the 
boundary layer.
Lateral dist
(5.1)
Vertical distribution
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In the neutral boundary layer, concentration mappings were made for 
release heights of 15, 100, 175, 250 and 400mm, to determine how the 
dispersion of the plume was influenced by the release height. A set of 
vertical profiles for a source height of 100mm is shown in Figure 5.1. The 
solid lines drawn on the plots indicate a bi-Gaussian vertical profile with 
optimised values of o v zp and the maximum non-dimensional concentration, 
to give the least squares error with the measured data. The Gaussian 
parameters, o z and zp, are recorded at the top right of each individual plot.
As the plume is advected downwind its size increases, but its maximum 
concentration obviously decreases to satisfy continuity. For many of the 
downstream positions, the Gaussian profile gives a good fit to the 
concentration distribution. However, considering the profiles at x=1000 ,
1250 and 1600mm, it can be seen that the value of a z determined from the 
fitting routine is too small for the dispersion above the release height, but 
too large for the dispersion below.
The observed difference in spread above and below the mean plume height 
was most pronounced for the release height of 100mm. The Gaussian model 
assumes that the plume is spreading in a uniform flow, which of course is 
particularly invalid in the lower part of the boundary layer, where 
gradients in the mean velocity and Reynolds stresses are quite significant. 
For plumes released higher up in the boundary layer (Hs = 175mm and 
above), the Gaussian profile gave a good fit at all the downstream locations, 
since the majority of the plume is in a region where gradients in the flow 
are relatively weak. At the 100mm release height, the flow characteristics 
above and below this plume centreline are substantially different, which 
causes the Gaussian dispersion model to break down a little for some of the 
downstream positions.
Looking at the position x=2500mm in Figure 5.1, it can be seen that the 
vertical spread in the neutral boundary layer is nearly twice that of the 
stable one. The positive temperature gradient with height in the stable 
boundary layer has suppressed the vertical turbulent fluctuations that are 
primarily responsible for the growth in crz.
Figure 5.2 shows lateral concentration distributions in the neutral 
boundary layer, with a similar case in the stable boundary layer. As for the 
vertical profiles, we see that the stability has significantly reduced the 
spread of the plume. In the neutral case, the plume centreline remains at 
the same lateral position as it travels down the tunnel, but in the stable 
boundary layer, the plume that was released at the centreline has drifted 
by about 100mm during its 2.5m travel downwind. This cross flow in the 
stable boundary layer, was originally much more severe and unsteady 
before perspex side walls were installed in the tunnel to isolate the main 
flow from the secondary flows generated by the unheated sides of the 
tunnel. With the side walls installed, the stable boundary layer set up in the 
tunnel was steady and dispersion results showed good repeatability. This 
stable boundary layer was judged to be adequate for the requirements of 
this study, provided centreline ground level concentration profiles were 
measured along the plume axis, rather than the tunnel centreline.
Figure 5.3 shows the lateral and vertical growth of the plume dimensions in 
our neutral and stable boundary layers, overlaid onto the Pasquill category 
C, D and E values used by the R91 model, Clarke (1979). The neutral cry values 
shown in the upper plot, were measured at an elevation of 125m, (the 
boundary layer depth being 500m), for an upwind release at this same 
height. These lateral plume spreads compare very closely with Gifford’s 
category D values for turbulent diffusion in the atmosphere when applying
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a scale factor of 1:500 to the wind tunnel data. These are the appropriate 
curves to compare to the wind tunnel data, since they represent short
averaging periods, during which the wind direction remains constant. For
both the lateral and vertical plume spreads in the stable boundary layer, 
the data points at x=250, 500 and 750m, used a release height of 25m, (the 
boundary layer depth being approximately 100m). The last two downstream 
positions, used a release height of 50m. The lateral plume spreads in the 
stable boundary layer are similar to Gifford’s category E, but the growth 
rate, with downwind fetch, is significantly less.
The lower plot in Figure 5.3 compares the vertical plume spreads in both
boundary layers to the Hosker fit to Smith’s data for a roughness length of
0.4m. The neutral data presented here is for a release height of 50m. These 
<j z values are quite typical of the average ‘best’ fit for the other release 
heights of 87.5, 125 and 200m which have been studied in the neutral 
boundary layer. The vertical spreads measured in the neutral boundary 
layer are quite similar to the category D curve, though further downwind, 
our values are a little higher. These differences are well within the scatter 
of the original full scale studies used to determine these atmospheric 
dispersion curves. The vertical spreads in our stable boundary layer lie 
between categories D and E, but as was the case for the lateral dispersion 
results, the growth rate with downwind fetch is significantly less than 
those observed in the atmosphere. It is not clear why, closer to the source, 
both the lateral and vertical spreads in the stable boundary layer are 
nearly identical to those obtained under neutral conditions.
Stability only directly suppresses the vertical fluctuations, but since 
turbulence is three dimensional, if energy is subtracted in one dimension, 
it will have a secondary effect in the other directions. Therefore, in the 
stable boundary layer, we would expect o z to be affected more than cjv. The 
dotted lines on the figure, are power law fits to the data, with the exponent 
for each case being indicated. We can compare lateral and vertical growth 
rates of the plume, by taking the ratio of the exponents which for the 
neutral boundary layer is 0.84/0.88 = 0.95. In the stable boundary layer, this 
ratio is 0.65/0.5 = 1.3, so although both the spread rates have been reduced, 
the vertical component has felt the effect of the stratification more than 
the lateral component.
5.2.2 C entreline ground level concentrations.
Often, when considering the pollution dosage from a particular elevated 
release, it is the ground level concentrations that are of the most interest. 
By placing sample tubes along the centreline of the plume axes, the 
position and value of the maximum ground level concentration can be
found from just one dispersion experiment. Figure 5.4 shows the ground 
level concentration distributions for a range of release heights in the
undisturbed neutral boundary layer. As the release height increases, the
maximum concentration, Cmaxi decreases, and the position at which it occurs, 
Xmav, moves further downstream from the source. The solid lines drawn 
through the profiles have the equation:
C — C
N o n  D im  m a x y
V  m a x  /
exp 1 + m 1- X
- 2q \
m a x  J
(5 .2)
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that was derived assuming Gaussian dispersion with the lateral and vertical 
plume spreads being represented by simple power law relationships,
(jy ocXp and o\, oca'7. The ratio between the lateral and vertical growth rates
is given by m = —. I have used this equation, but treated C max>X max, m  and q as
q
free (which are not free if the dispersion is Gaussian), so that a good 
representation of the measured concentration distributions could be
acheived. Values of 1 and 0.73, were used respectively for m and q in Figure
5.4, and were chosen to give the best fit to the concentration distributions 
for all the release heights in the undisturbed neutral boundary layer. A 
least squares fit was carried out on each ground level concentration profile 
to optimise C mux and X mux. The curves represent the measured data very well, 
which will enable us to use just these fits rather than all the data points in 
some of our later comparisons with ground level concentrations measured
in building wakes.
Figure 5.5 shows the stable boundary layer results, compared with the 
corresponding neutral ones. The ground level concentrations, for the 
releases much above 125mm, were unmeasurable over the measurement 
range of 2.5m. The curves drawn through the neutral results are the same 
as those in Figure 5.4, but to facilitate good fits to the stable data, the values 
of m and q were adjusted by the fitting routine for each release height. 
Taking a first glance at these results, it appears that the change in the 
dispersion characteristics in the stable boundary layer, compared with the 
neutral, has led to a significant reduction in C max, particularly for the taller 
release heights. Whilst this is true to a certain extent, looking at the 
vertical concentration profiles measured in the undisturbed stable 
boundary layer for release heights of 50 and lOOnim, it was clear that a
modest plume rise of about 15mm per metre was occurring.
To investigate the plume trajectory in the stable boundary layer, a Gaussian 
plume model was used with a specified plume rise (zp:=Hs + 0.015 a ) ,  and 
compared to one without plume rise (zp=Hs), for the 50 and 100mm release 
heights. The results are shown in Figures 5.6 and 5.7. The modelled lateral 
and vertical plume spreads were taken from data presented in Figure 5.3 for 
the stable boundary layer. The solid curve is calculated using the plume 
rise, and an average advection velocity across the plume depth, to maintain 
a constant source flux at each downwind cross section, (Section 6.1 goes into 
more detail about how this was calculated). The dotted line is calculated in 
exactly the same way, except it uses a constant value of zp, determined by 
that of the release height. The solid line is a reasonably good fit to both the 
vertical and ground level concentration profiles. However, when the plume 
is modelled using a constant zp> the fits are poor all round, and the ground 
level concentrations become significantly larger than the measured 
values. This suggest that plume rise was occurring in our dispersion 
experiments in the stable boundary layer. Possible reasons for this are 
discussed later on in this section, but it appears that the most likely cause 
was mismatch between the release temperature and that of the surrounding 
flow.
The results for the ‘no plume rise Gaussian model’, have been plotted back 
onto Figure 5.5 for the respective release heights, and appear as the thick 
dotted lines. Comparing these curves with the neutral results we see that 
C max has not been significantly affected, but X mux has increased. One would 
expect the position of the maximum concentration to move further 
downwind in the stable boundary, since the vertical and lateral plume 
spreads are both significantly reduced. This was another reason why the
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measured ground level concentration in the stable boundary appeared odd, 
as their X m(ix values are very similar to those observed in the neutral 
boundary layer. This behaviour is explained by the plume rise that was 
taking place in the stable boundary layer releases.
The upper plot in Figure 5.8 shows the values of the maximum non- 
dimensional ground level concentrations for the profiles presented in 
Figures 5.4 and 5.5. The purpose of plotting the results in this way is to 
obtain empirical relationships between the release height and the 
corresponding value of Cm(lx, for both the neutral and stable boundary 
layers. The curves drawn through the data have the equations shown on 
the plots and will be used to determine an effective stack height for 
releases made in the vicinity of buildings. One way of determining the 
dispersion influence that near by buildings have on an elevated release, is 
to compare Cmax measured with the buildings present, with these data 
obtained in the undisturbed boundary layer. Using the appropriate 
equation, we can determine what release height in the undisturbed 
boundary layer would have produced the same Cmax value. The release 
height that has just been found is know as the effective stack height.
The lower plot in Figure 5.8, indicates how the position of the maximum 
ground level concentration increases with release height in the neutral 
boundary layer. The curve through the data, having the equation shown on 
the plot, will be used later on, when trying to reproduce representative 
ground level concentration profiles for any release height in the 
undisturbed neutral boundary layer.
The reason for the plume rise in the stable boundary layer has not yet been 
discussed. The possibilities are, either that there was a small vertical 
velocity in the boundary layer, or that buoyancy effects have been 
responsible for the plume rise. It is not really practical to measure 
accurately a mean vertical component that is only 1.5% of the mean flow 
with the LDA system, since the probe alignment would need to be within 0.1 
of a degree (0.85° corresponding to the 1.5% of the mean flow). To 
investigate whether buoyancy could be responsible for this amount of 
plume rise, we will consider what temperature difference would be 
required to produce the observed amount of rise. Briggs (1975), has 
developed simple plume rise theories for releases having no initial upwards 
momentum in a stable boundary layer, e.g.:
* ' m W
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(5.3)
where F B is the buoyancy flux given by:
FB =Qg
T -  T
(5.4)
where Ts is the source temperature and Tu is the temperature of the flow at 
the release height. Q is the release flowrate in m3/s, is the entrainment 
constant, taken as 0.6, and b0 is the initial radius of the released plume. The 
buoyancy frequency given by:
N = • j l £ L
T dz
(5.5)
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is the natural frequency at which a fluid particle will oscillate if it is 
vertically displaced in a stably stratified flow. The top plot in Figure 5.9, 
shows the temperature profile in the stable boundary layer at the release 
position, and the middle plot shows the calculated local buoyancy. At 
z=100mm the buoyancy frequency is about 1.75rad/s and the ambient 
temperature around 52°C. The lowest plot shows how the plume rise, 1.5m 
downstream of the source, varies with source temperature as calculated by
this model. Only a 4 or 5 degree temperature difference is needed to give a 
plume rise similar to that observed in the stable boundary layer. The tube 
supplying gas to the source was supported by cable ties, close to the tunnel 
roof, over a distance of about 4m, where the ambient temperature was 
around 60°C. The tube then passed vertically downwards to connect to the 
metal passive stack. The gas entered the tunnel through the pipe at about 
24°C, but it is quite possible that, by the time the gas was released at the 
source, its temperature was close to 60°C. When the experiment was carried 
out, the importance of the buoyancy effects had not been appreciated, so no 
measurement was made of the release temperature.
5.3 G r o u n d  level c o n c e n t r a t i o n s  fo r  e le v a te d  re le a s e s  ab o v e  
b u i l d i n g s
5.3.1 The isolated B204 building (Case A).
Having established in the previous section how the ground level 
concentration profiles vary with release height in both the undisturbed 
neutral and stable boundary layers, we are now in a position to investigate 
the effect that any group of buildings is having on the dispersion from an 
elevated source. Figure 5.10 shows the ground level concentration profiles 
for building case A in neutral and stable flow for the two wind directions 
studied. The curves fitted to the data were used to obtain a good estimate of 
the maximum ground level concentration for each case. The dotted line 
indicates the undisturbed neutral boundary layer results for the respective
release heights, which were obtained from Figure 5.4. The ground level 
concentration results in the undisturbed stable boundary layer have not 
been plotted, since, for these release heights, they were immeasurably 
small.
It is clear from the results, particularly for the lower release heights, that 
the building has significantly enhanced the ground level concentrations, 
and has moved the position of the peak closer to the source. For both the 
neutral and stable data, the 45° wind direction yielded much higher 
concentrations than the equivalent 0° case. This is due to the strong roof 
vortices that are created when the approach flow is diagonal to the 
building, which are very efficient at bring the elevated plume down into 
the building wake. For a release of 1.4 times the building height, the 45° 
wind direction increased the ground level concentrations by a factor of 3, 
compared to the 0° case in the neutral boundary layer. However, in the 
stable boundary layer, the diagonal wind direction increased the maximum
ground level concentration by a factor of 5 for this release height. If we 
look at the results for the 1.68 building heights release in the stable 
boundary layer, we find that the factor between Cmax values for the 0° and 
45° wind directions has increased yet further, and is tending to infinity as 
the 0° ground level concentrations become immeasurably small. In the 
neutral boundary layer, at the higher release heights, the difference 
between the two building orientations reduces as the influence of the 
building dies away. The differences in behaviour of the neutral and stable
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boundary layers to building orientation sensitivity, are discussed in Section
5,3.4.
One method of assessing the effect that a building is having on the 
dispersion from an elevated release, is to calculate an effective stack height 
in the undisturbed flow, which would produce the same maximum ground 
level concentration as is experienced with the building present. Take, for 
example, the result of the isolated B204 building in neutral flow for the 45° 
wind direction and Hs= 175mm. The maximum non-dimensional ground level 
concentration for this profile is about 0.8. Using the upper plot in Figure
5.8, this corresponds to an undisturbed release height of / /^ /O m m . In this 
example, the presence of the building has reduced the effective stack 
height by 105mm, which is 60% of the actual stack height. To automate the 
process of obtaining an effective stack height from CIIUIX in both the neutral 
and stable boundary layers, the appropriate equation shown in Figure 5.8 
was used. The tabulated values of effective stack height above each plot 
shown in Figure 5.10, were calculated in this way using the C,„ax value 
determined by the curve fitting routine.
Another way of presenting the building effect, is to determine the increase 
in Cmax compared to the undisturbed flow value for the same release height. 
For the isolated B204 building in neutral flow for the 45° wind direction, 
and a release height of /fy=175mm, which was the example used in the 
previous paragraph, Cmax was 0.8. In the undisturbed neutral boundary 
layer, Cmax for a release height of 175mm is 0.1 (see Figure 5.4), so, the 
ground level concentration has been increased by a factor of 8.
Figure 5.11 plots the analysis of the ground level concentration 
distributions from Figure 5.10, showing the percentage reduction in 
effective stack height, and the increase factor in Cmax for the range of 
release heights. If releases are made above the top of the boundary layer, 
the dispersion of the plume will be very slow indeed, since the turbulence 
intensities are below 5%. Ground level concentrations for these conditions 
will be negligible until a long way downwind. The depth of our stable 
boundary layer was around 200mm, so release heights much in excess of 1.6 
H ,, were emitted above the top of the boundary layer, provided the boundary 
layer depth was unaffected by the presence of the building. This height is
indicated on the plot by the vertical dotted line. In the stable boundary
layer, ground level concentrations were measured for both building 
orientations for a release height of 1.68 times that of the building. This 
suggests therefore, that the building downwash has been responsible for 
bringing the plume back down into the boundary layer.
Effective stacks heights in the neutral boundary layer have been reduced
by up to 50% for the normal wind direction, and by up to 70% for diagonal 
approach flow. As the release height is increased, the reduction in 
effective stack height decreases, or in other words, the building effect is 
reduced. For the 0° case, release heights above twice the building height 
are practically unaffected by the building, but in the diagonal case, the 
building effects are still significant at 2.5 H h. The percentage reduction in 
effective stack heights obtained in the stable boundary layer are within 
10% of those obtained in the neutral boundary layer, and tend to lie above 
the neutral results.
Error bars have been shown on the neutral results for the normal wind
direction, and have been calculated assuming a 0.4 part per million 
uncertainty on the ground level concentration measurements, as suggested 
in Section 3.5.4. For the lower release heights, the ground level
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concentrations are quite large, and so this error becomes insignificant. 
However, as the release height increases, this error becomes more like ±5% 
on the reduction in effective stack height. In other words, the 
measurement of the maximum ground level concentration becomes 
progressively more difficult as the release height is increased. Errors for 
the other series on the plot will behave very similarly, and so have been 
omitted for clarity.
The factor increase in Cmax for the stable boundary layer could not be 
plotted, since, for the corresponding heights in the undisturbed flow, the 
ground level concentration were so small as to unmeasurable. From the
neutral results, it is clear that the effect of the building is very significant
for the lower release heights, and can increase the ground level 
concentrations by up to a factor of 20.
Using an effective stack height is a simple way of adjusting a model to
compensate for the enhanced ground level concentrations in the wake of a 
building. In this analysis, we are taking the effective stack height 
distributions straight from the undisturbed flow results presented in
Section 5.2.2 and Figure 5.8. To see how well this simple model performs, the 
neutral measurements presented in Figure 5.10 have been replotted in 
Figure 5.12, with curves representing the ground level concentration
distribution for each effective stack height. In Figure 5.4, we demonstrated 
that a good fit could be obtained to the ground level concentration data in 
the undisturbed neutral boundary layer, using Equation 5.2, with m - 1,
q - 0.73 and appropriate values of Cmax and Xmax. Figure 5.8 plotted the 
variation of Cmax and X max with release height, and also gave the empirical 
relationships which have been rearranged to give:
Cmax=exp(9.5229-2.2861 l n t f j  and Xmax =exp(l.32\nHs +1.15) (5.6)
This is how the ground level concentration distributions, corresponding to
the desired effective stack height, have been plotted in Figure 5.12. The 
values used for each curve are tabulated above the plot.
Apart from the 45° building orientation for the lowest two release heights,
all these ground level concentration profiles are represented very well
using an effective stack height. Certainly, as far as these centreline ground 
level concentrations are concerned, modelling the building influence on 
dispersion as just a downwash, which reduces the mean plume height, 
seems a plausible option. For the lower releases, where the building effect 
is very significant, the effective stack height simplification does not work 
as well.
5.3.2 Generic building groups in neutral flow.
In the previous section the ground level concentrations were analysed for 
a range of stack heights and two wind directions in the neutral and stable 
boundary layers for building case A. Table 5.1 gives a summary of all the 
ground level concentrations that have been measured for release heights 
in the range of 150mm to 400mm or 1.2 to 3.2 as a ratio of the building 
height. Refer to Figure 3.12 to determine the meaning of the building case 
nam es.
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Building group Boundary layers Wind directions
Case A, Single W=64 Neutral, Stable 0 ,45
Case B, Single W=192 Neutral, Stable 0 ,4 5
Case C, Single W=320 Neutral 0 ,4 5
Case D, Single W=448 Neutral 0 ,4 5
Case E, Nine Sp=32 Neutral 0
Case F, Nine Sp=64 Neutral, Stable 0 ,4 5
Case G, Nine Sp=128 Neutral 0 ,4 5
Table 5.1. Summary of ground level concentrations measurements made 
downstream of the generic building cases
The non-dimensional centreline ground level concentration profiles, in 
both the neutral and stable boundary layers for all the building cases 
studied, are presented in Appendix 5. The curves fitted to the data are given 
by Equation 5.2 using values for Cmux, X mttx, q and m as tabulated above each 
plot. The appropriate effective stack height for each profile has been 
calculated from Cmax> using the empirical relationships shown in Figure 5.8. 
The empty plots indicate that no measurements were made for that release 
height for the building case concerned.
The incentive for studying this range of building cases was to determine 
the sensitivity of the maximum ground level concentrations for elevated 
releases to the building group’s size and spacing. Figure 5.13 shows the 
reduction in effective stack height for the seven building cases 
investigated in the neutral boundary layer. All the lines have in general a 
negative gradient, showing that as the release height is increased, the 
building effect reduces, which satisfies our intuitive notions. Comparing 
the results for the two wind directions, we see that the patterns are 
significantly different. For the 45° wind direction, all the building cases, 
apart from case A, behaved in a similar manner, whereas for the 0° 
approach flow, the range of effects was much greater. Case E was not 
studied for the 45° wind direction, because it falls between cases B and F in 
terms of building spacing, and these cases yielded very similar results for 
this orientation. For the diagonal wind direction for release heights of 
twice the building height and beyond, the ground level concentrations are 
insensitive to the spacing between nine similar buildings, when it is 
changed from zero to twice the building width (case B to case G).
The complex effect of the spacing between the surrounding buildings, has 
been shown in the upper plots of Figures 5.14 and 5.15 for the 0° and 45° 
wind directions. As the spacing is increased from zero to infinity, there is a 
minima corresponding to a spacing of one building width for the normal 
wind direction, and two building widths for the diagonally orientated 
buildings. It is thought that this minima corresponds to the spacing at 
which the individual building wakes interact the strongest, generating the 
highest turbulence intensities in the combined wake. This would enhance 
the lateral dispersion in the wake, reducing the maximum ground level 
concentrations as a consequence. We know from cross wire measurements 
made downstream of building case A, that the wake at 45° is significantly 
wider than for the normal wind direction. It seems reasonable therefore, if 
the individual wakes are wider, that the separation producing maximum 
interaction should also increase for the 45° building orientations.
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One of the commonest ways of representing a group of buildings in 
dispersion models is by forming a single cuboid of appropriate dimensions. 
The Atmospheric Dispersion Modelling System (ADMS) CERC (1995), 
represents surrounding buildings in this way. After specifying the main 
building, if any of the surrounding buildings are above half the height of 
the main building, and are spaced by less than half the main building’s 
width, then an enclosing building is formed around the group. If the flow 
is diagonal to the group, the orthogonal width of each building is used. The 
upper plot in Figure 5.14 shows that as the spacing between the eight 
surrounding buildings is increased from zero, the dispersion effect caused 
by the group decreases, reaching a minima when Sp/(Wb for case A)=l. 
However, if this group were modelled using an enclosing building, from
the lower plot we see that the building effect would increase with the size 
of the cuboid. As the spacing becomes more than half that of the main 
building width, ADMS would ignore the surrounding buildings, and treat
the main building as isolated. For the higher release heights, this is a good
approximation, but it is conservative for releases below 1.5 times the 
building height.
The effect of the building array spacing on dispersion for the diagonal 
approach flow is shown in Figure 5.15. If we ignore the results for building
case A, sensitivity of the effective stack height to increasing the spacing, 
or increasing the total size of the cuboid, is weak particularly, for the 
higher release heights. So, for the 45° wind directions, the exact size of the 
cuboid chosen to represent the building array, is not very important, as
long as Wb/(W b for Case A) is greater than about 3. However, when the 
surrounding buildings are spaced by more than half their orthogonal 
width to the flow, Sp/Wb=3, ADMS will consider the central building to be 
isolated from the group. For the higher releases this will lead to the ground 
level concentrations being underestimated.
A number of methods of estimating the effect of a group of buildings on the
dispersion of an elevated release above the array centre have been
compared in Figure 5.16. The cross symbols indicate the measured results 
for the array of nine building for the range of spacings investigated in the
neutral boundary layer (cases B, E, F and G) having spacings: Sp/(Wb for 
case A)=0, 0.5, 1 and 2 respectively. The solid diamonds show the effect of 
putting an enclosure around the whole array, to form a single cuboid 
having th e . same external dimensions as the group, (cases C and D). From 
these plots, it is clear that the building effect has been enhanced by 
enclosing the array to form one large building, causing estimates of 
ground level concentration in some cases to be very conservative. This is 
particularly true for the normal wind direction, since as the spacing is 
increased, the building effect decreases, but if the enclosed array is 
considered, the building effect is amplified.
Another way of representing an array of buildings is to collapse them 
together to form a single building having a volume equal to the sum of all 
the individual ones. In our study, this is true of case B, and is indicated on 
the plots as one of the horizontal lines. For the diagonal wind direction, this 
simplification is quite good over the range of array spacings and release 
heights investigated. However, for the normal wind direction, as the 
spacing increases, this approximation becomes progressively conservative.
As the spacing between the nine buildings is increased, it seems logical to 
expect that the dispersion behaviour will become more like that of the 
isolated central building over which the plume is released. The results for 
the isolated building (case A), are indicated as another horizontal line on
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the plots. For the normal wind direction, provided the buildings are spaced 
by more than half their width, the effect of the eight surrounding 
buildings is almost negligible, as far as the maximum ground level 
concentrations are concerned. However, for the diagonal wind direction, 
the surrounding buildings do significantly enhance the measured ground 
level concentrations.
So, for the normal wind direction, provided the buildings are spaced by 
more than half their width, the building effect can be approximated to that 
of the isolated central building (case A). But for the diagonal approach
flow, representing the array as an equivalent single building having a 
volume equal to the sum of the individual buildings, appears to be the best 
simplification. The horizontal lines on the plots, indicating the Sellafield 
site results, will be discussed in Section 5.3.3.
Predictions from the ADMS dispersion model CERC (1995), were also 
compared with data in terms of the reduction in effective stack heights for 
the building groups. The boundary layer was modelled using a 10m wind 
speed of 5m/s, a depth of 500m, and a surface roughness of 0.175m. The 
standard deviation of wind speed was set to zero, to match the wind tunnel 
conditions as closely as possible. The model was first run with the building 
module inactivated, to determine the relationship between release height 
H s, and the maximum ground level concentrations in the modelled 
undisturbed boundary layer. Cmax values were then obtained for the various 
release heights over the building groups for the range of spacings.
Effective stack heights were calculated using the relationship between H s
and Cmax, obtained for the modelled, undisturbed boundary layer. This 
method helps to eliminate differences between the undisturbed dispersion 
characteristics in ADMS, compared to our neutral boundary layer in the 
wind tunnel.
The step changes in the output from ADMS, over the range of building 
array spacings, is caused by the way in which the enclosing cuboid is
determined. As mentioned earlier, if the surrounding buildings are 
separated by more than half the width of the main building, then they are 
not included when determining the enclosing cuboid. The reason for the 
two steps, which appear for the normal wind direction, is because the 
longitudinal and lateral separations, are not equal in our building array 
configurations. So, as the spacing is increased from zero, ADMS firstly 
enclosed all nine buildings, then only the closest three, and finally just the 
dimensions of the central building are used. For the diagonal wind 
directions, because ADMS considers the dimensions orthogonal to the flow, 
the effective width of the central building is increased, and so, over the 
range of spacing we considered, the main building was never represented 
as isolated. The only step change occurred when the enclosing building 
changed from including all nine buildings to just the 3 closest ones.
For the diagonal wind direction, the results from ADMS agree reasonably 
well with those obtained over the spaced arrays of buildings. Measurements 
made over the enclosed groups also gave similar reductions in the effective 
height of the release. Provided the buildings produce sufficient downwash 
to bring the plume into contact with the ground just downstream of the 
recirculation region, Cmux seems insensitive to the size of the building, or 
the porosity of the array. However, this is not true of the normal wind 
direction, since increasing the array spacing decreases ground level 
concentrations, but increasing the size of the enclosing building leads to 
enhanced ground level concentrations.
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As the spacing between the buildings is increased for the normal approach 
flow, ADMS overestimates the effect of the group quite substantially for 
some situations. Looking more carefully at the results, we see that the 
discrepancy is not coming from the way in which the array has been 
represented, but is due to the dispersion effect that ADMS attributes to the 
isolated building. The effective stack height reduction predicted by ADMS 
for building case A with H J H b = 2, is a significant 32%, but for releases 
above 2.5 times the building height, the presence of the building is ignored 
completely. For the lower releases, when the spacing is zero (case B) ADMS, 
seems to underestimates the building effect.
It would appear from these results that the main weakness with the current 
ADMS model lies in the fact that it predicts too large an effect for a single 
cuboid at 0° to the wind. The way in which complex building groups are 
simplified by ADMS, seems quite reasonable as far as predicting the 
maximum ground level concentrations are concerned. For the diagonal 
approach flow ADMS predictions are much more realistic, maybe because 
the sensitivity of the ground level concentrations to the building size, and 
porosity, is fairly weak.
5.3.3 B204 on the Sellafield site model.
We have considered in the previous sections the effect that a range of 
generic buildings have on the dispersion from an elevated release.
Building case A is a 1:500 scale model of the B204 building at the Sellafield 
site. So we have already considered the effect on dispersion of the isolated 
B204 building, and then with it surrounded by other buildings of the same
size. Now we will investigate how the real surrounding buildings and
topography at Sellafield alter the plume dispersion behaviour of elevated
releases above B204. Figure 5.17 shows the ground level concentrations 
over a 1:500 scale model of the site in neutral and stable flows for a range of 
release heights. The buildings on the Sellafield site are mainly cuboids, 
which are aligned in the same orientation as B204; see Figure 3.16. The data 
marked as 0° in the legend, was actually the 270° wind direction over the 
site, and the diagonal wind direction, marked as 45°, was actually 150°. The 
data has been marked in this way to aid comparison with the generic 
building groups results. The solid lines on the plots are curves fitted to the 
data to obtain a best estimate of Cmax, from which the effective stack heights 
have been calculated that are tabulated above each plot. The dotted curves
represents the ground level concentrations that would be .observed in the 
neutral boundary layer for the same release height, without the site being 
present. Ground level concentrations for these release heights in the stable 
boundary layer, were immeasurable.
The actual stack height for B204 is twice the height of the building, so we
can see that, in the neutral boundary layer for the normal (270°) wind
direction, the effect of the site is negligible. For a diagonal approach flow, 
the site reduces the effective stack height of B204 by around 26%. For the 
lower release heights, the presence of the site has significantly enhanced 
the ground level concentrations in both boundary layers, but what we need 
to determine is how much of this effect is caused by the closest building to 
the release, namely B204. Put another way, is the dispersion behaviour 
dominated by one local building, or is the surrounding site and topography, 
also playing an important role?
The reduction in effective stack heights for releases over the site, have 
been compared with the isolated B204 building results (case A) in the lower
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plot of Figure 5.18. Surprisingly, we note that the corresponding 
experiments with and without the site present, yield similar effective stack 
heights, and in the neutral boundary layer, the influence on dispersion of 
the entire site appears less than B204 on its own. Elevated concentration 
profiles, measured over the site, indicated that the increased turbulence 
generated by the surrounding buildings has slightly enhanced the lateral 
spread of the plume, whilst leaving the vertical spread and plume 
centreline height unchanged. This has caused the maximum ground level 
concentration to be reduced, since the same volume of stack gas is now 
distributed over a greater cross stream area.
For the higher release heights in the stable boundary layer, the ground 
level concentrations measured with the site present were greater than for 
the isolated B204. This behaviour may indicate that the surrounding site is 
having an important effect on these higher release heights in the stable 
boundary layer. Alternatively, this effect may have been caused by the site 
model allowing no heat transfer from the flow, as it was constructed of 
foam plastic. With 110 heat flux through the floor, the stability in the 
boundary layer decreases, allowing primarily the vertical fluctuations to 
grow. This would enhance the vertical spreading rate of the elevated 
plume, causing the ground level concentrations to be increased.
Experiments were carried out around the isolated B204 building for the 
lowest release height in the stable flow, with and without the cooling 
panels operating downstream of the release position. The centreline
ground level concentrations measured in these two scenarios were nearly 
identical. It was not appreciated at the time, that for the higher releases,
where the building affect is less dominant, changes in the background flow 
could be more important. Therefore, no similar test was carried out with 
higher releases, so we cannot be sure how much effect the insulating 
properties of the site model had in perturbing the dispersion behaviour in 
these cases.
In Section 5.3.2, we were considering the effect of the spacing between an
array of nine B204 buildings on the dispersion of elevated releases above 
the array centre in the neutral boundary layer. Comparisons are made of 
different methods of representing the array in Figure 5.16; the neutral 
results obtained over the Sellafield site have also been ploted. Considering 
firstly the normal wind direction, we find that the cross on the far right of
each plot (building case G representing the largest spacing), is closest to 
the Sellafield results over the range of release heights. This generic case is 
similar to the actual constructions around B204 at the Sellafield site, except 
that, most of the actual surrounding buildings are more like half the height
of B204. However, the simplification of assuming B204 in isolation is not a 
bad estimate, particularly for the higher release heights.
For the diagonal approach flow, building case G, yields significantly larger 
ground level concentrations for the higher release heights than does the
Sellafield site. Taking the B204 in isolation for the diagonal case, is the 
closest of all the generic building groups studied to the dispersion
behaviour over the Sellafield site.
5.3.4 Effect of the stable boundary layer on dispersion.
The top three plots in Figure 5.18 compare the reduction in effective stack 
heights caused by building cases A, B and F, in the neutral and stable 
boundary layers for the two wind directions. The plot for case A, has 
already appeared in Figure 5.11, but has been shown again for ease of
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comparison with the other cases. The vertical dotted lines on the plots, 
indicate the height beyond which releases would be above the top of the 
undisturbed stable boundary layer. The building height to boundary layer
height ratio, is about 0.625 in the stable boundary layer, compared to 0.125
in the neutral boundary layer. Some of the trends in the stable boundary
layer results are similar to those observed under neutral conditions; for 
example, the diagonal building orientation in both flows had the larger 
effect on dispersion. It appears that for the higher release heights in the
stable boundary layer, the reduction in effective stack height caused by the 
building is greater than in the corresponding neutral case. It was noted, 
when discussing Figure 5.10 in Section 5.3.1, that the sensitivity of the 
maximum ground level concentration, Cmax, to the building orientation,
increased with release height in the stable boundary layer, whereas the 
opposite was true for the neutral boundary layer. Similar behaviour can be 
observed from the concentration measurements made over the Sellafield 
site, which were presented in Figure 5.17.
The difference between our stable and neutral boundary layers is not just 
the stratification; the neutral boundary layer is roughly five times the 
depth of the stable boundary layer. Whilst, in a statistical sense, these 
depths are quite typical of atmospheric boundary layers in their respective 
stability classes, from a dispersion point of view we have changed two
parameters at once. Plume dispersion is highly related to the turbulence 
intensity in the flow, which, in a boundary layer, is a strong function of 
height. Since the stable boundary layer is relatively shallow with respect to 
the neutral boundary layer, the vertical gradients in the Reynolds stresses 
are much steeper. If an elevated plume underwent the same downwash, due 
to a building in both boundary layers, the change in the local dispersion 
characteristics of the flow would be much more significant in the stable 
boundary layer due to the sharper vertical gradients. This effect would be 
accentuated if the plume was initially above the top of the boundary layer,
with the downwash causing the plume to move into the boundary layer.
The obstacle Froude number can be calculated for the building in the stable 
boundary layer and given by:
F  = J L m 0 M * 1 3 3 m 6 M S  
NHb 1.5x0.125
where U,, is the velocity at the building height. From Figure 4.1, we can see 
that U,JUref is about 0.84 for H b= 125 mm, and Uref in the stable boundary layer 
is 1.35m/s. The buoyancy frequency N,  was plotted in Figure 5.9, and has a 
value of about 1.5 rad/s at the height of the building. So, for all the generic 
buildings studied in the stable boundary layer, the obstacle Froude number 
is around 6. Snyder (1994) found that for Froude numbers greater than 2.5, 
the behaviour of the immediate flow around the building was dominated by 
the mechanical turbulence generated by the building. This was deduced by 
the concentration field, for a ground level release at the lee of the building, 
remaining unchanged in the near wake when compared to the neutral 
case. However, further downwind, the stratification in the background flow 
becomes important, thus affecting the concentration field. So for a Froude 
number of 6, we would expect the size and shape of the recirculation region 
to be similar to that obtained in the neutral boundary layer. This means 
that the initial downwash caused by the building on an elevated release is 
probably also similar. However, further downstream the dispersion 
behaviour becomes dominated by the undisturbed flow characteristics, 
which differ significantly between our neutral and stable boundary layers.
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This may be why the behaviour of the lower release heights in the stable 
boundary layer is so similar to those in the neutral, since they are 
dominated by the immediate flow around the building.
Earlier on in this section, mention was made of the sensitivity of the
ground level concentrations to building orientation for the higher releases 
in the stable boundary layer; see Figures 5.10 and 5.17. For releases of 1.68 
and 2 times the building height, the plumes would remain above the top of 
the stable boundary layer, if the building downwash was not present. So, 
this increased sensitivity is caused by the importance of whether the 
downwash is large enough to bring the plume down into the boundary
layer or not. If the plume remains above the boundary layer, the ground
level concentrations will be zero, but once the plume is within the 
boundary layer, the vertical spread will enable ground level 
concentrations to be observed.
It is difficult to determine which stability would give rise to the highest 
ground level concentrations with the buildings present at full scale. Just
looking at Figures 5.10 and 5.17, it appears that the neutral boundary layer 
will be the worst case, but there are a number of other factors that could 
change this conclusion. Stable boundary layer flows are generally 
associated with light winds, whereas in a strong wind the vertical 
temperature gradient would have to be very steep for buoyancy effects to 
be important. All the concentrations have been normalised by the flow 
speed at the top of the boundary layer. Typical values of wind speed in the 
atmosphere would be 2m/s, for a stable boundary layer, but more like 6m/s
in the neutral case. This would effectively triple all the concentrations in 
the stable flow relative to those in the neutral boundary layer. Another 
factor to consider is that the standard deviation of the wind direction 
increases significantly as the wind speed falls. Increasing the variation in 
wind direction leads to a significant increase in the lateral spread of the 
plume, which would result in the maximum ground level concentrations 
being reduced.
Returning to Figure 5.18, we have seen that the effective stack heights in 
both the boundary layers are similar for the lower releases, (below 1.5 
building heights), but as the release height increases, the building 
influence in the stable boundary becomes greater than for the
corresponding neutral flow set up. This behaviour for the higher releases
may be a result of the stratification, or an effect caused by the proximity of 
the plume to the top of the stable boundary layer. Further,work is 
necessary to determine this in a stable boundary layer, having a smaller
building height to boundary layer depth ratio. More care also needs to be
taken in future to match the release temperature to that of the local flow, so 
that a truly passive release is achieved. For the higher releases, vertical
concentration profiles, with and without the buildings present, would help 
in determining the effect that the building is having on the plume. This is
because the high releases lead to very low ground level concentrations that 
cannot be measured very accurately.
5.3.5 Dispersion over the Sellafield site compared with the BMT 
s t u d y .
The centreline ground level concentrations over the Sellafield site model, 
have been compared to earlier measurements made by Singh (1990), in the 
British Maritime Technology (BMT) tunnel, for releases above B204. This 
previous research project was undertaken for BNFL, to investigate amongst
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other things, the influence of topography and buildings on dispersion 
from tall stacks in neutral stability. Our research project has built up to this 
complex situation by firstly considering the B204 as an isolated building, 
then with it surrounded by similar buildings, before studying the full 
Sellafield site model. We then took the problem one stage further, to 
consider the building influence when a stable boundary layer approaches 
the site.
The comparison of the flow characteristics in the neutral boundary layers,
immediately upwind of the main site buildings for both wind tunnels, was
presented in Figure 4.16, and discussed at the end of chapter 4. The main 
conclusions were that the simulated boundary layers were quite similar, 
but in the BMT tunnel, the turbulence intensities were slightly higher. 
Turning to the dispersion characteristics of the undisturbed boundary 
layers, the only data we have from BMT’s study are ground level 
concentrations for the isolated B230 stack, having a full scale height of 
76m, with a exit velocity ratio of 5.3. The B230, is a stack that is not 
connected to any building, but protrudes straight out of the ground. The top 
plot of Figure 5.19, compares the results with a corresponding set up in the 
EnFlo tunnel, using a conventional stack, with a vertical exit velocity of 5.3 
times that of the local wind speed. Beyond 2km downstream, the 
concentrations are very similar, but closer to the source BMT’s values do 
not seem to fall off as one would expect. In the BMT tunnel, the 
concentration measurements were made using on-line flame ionisation 
detectors, sampling for 50 seconds at each measurement position. Since 
their free stream tunnel speed was about lOm/s, compared to ours, which 
was 2.5m/s, this averaging period would correspond to 200 seconds in the 
EnFlo tunnel. We sampled for about 18 minutes, but the majority of this time 
is spent in purging the sampling tubes and coils. However, it is clear from 
the results, that the increased sampling time has significantly smoothed 
the profile. Without information on the elevated plume behaviour in BMT’s 
undisturbed boundary layer, it is not possible to know why such high 
ground level concentrations were present so close to the elevated release.
When determining the effect of a building on any dispersion problem, it is
imperative to have a reliable reference set of data that adequately describes
the dispersion behaviour in the undisturbed flow.
The lower plot in Figure 5.19 shows the ground level concentration profiles 
from the B204 stack for two wind directions in each tunnel. The central 
part of the Sellafield site model is constructed to form a 4.5m diameter 
circle, which was positioned on a turn table in the BMT tunnel, so that the
desired wind directions could be studied. However, the EnFlo tunnel is only
3.5m wide, so only part of the circle could be installed. This made certain 
wind directions more favoured than others, depending on the existing cut 
lines in the model. This is why the exact wind directions were not repeated 
in our investigation, but the 264° and 270° direction are very similar, and 
represent the 0° cases; and the 68° and 150° directions are both
representative of diagonal approach flows. From the generic results, it was 
found that the exact angle of the building to the flow did not significantly 
influence the ground level concentrations, provided the flow was basically 
diagonal, but this was not explicitly demonstrated over the site model.
The ground level concentrations for both wind directions in the BMT 
tunnel are higher than our corresponding values by about 33%. Since the 
ground level concentrations further downstream for the isolated stack are 
similar in both tunnels, it is not clear why the effect of the site appears to 
be more significant in the BMT study. The release above B204, in the BMT 
tunnel, had a vertical exit velocity of around twice the local wind speed, but
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in the EnFlo tunnel, a passive release was used, having no initial vertical 
momentum. Figure 5.20 compares ground level concentrations for the 
passive release, with those obtained using a conventional stack above B204 
for the 270° wind direction. As the exit velocity ratio is increased, the 
ground level concentrations fall off, since the effective plume height is 
being increased. However, it can be seen that, for a velocity ratio of 2, the 
results for the conventional and passive releases are virtually identical. 
Differences between the EnFlo and BMT ground level concentrations 
cannot therefore be attributed to the release conditions. In the EnFlo 
tunnel, elevated concentration profiles were taken to complement those 
made at ground level, to increase our understanding of the influence of the 
site on dispersion. With no such information from the BMT tunnel, it is not 
possible to check if their results are self consistent.
BMT obtained effective stack heights from the ground level concentration 
distributions by comparing them with the R91 Gaussian model for 
dispersion in the undisturbed neutral boundary layer. This method assumes 
that the dispersion characteristics in BMT’s undisturbed boundary layer 
are well represented by R91, but this was not demonstrated. All our 
effective stack heights are calculated by comparing the maximum ground 
level concentration in the building wake with values of Cmax obtained for a 
range of release heights in the undisturbed boundary layer. Our method 
does not make any assumptions about what the undisturbed boundary layer 
dispersion characteristics are, but makes a straight comparison between 
the ground level concentrations with and without the building present. The 
BMT study claimed that the influence of the Sellafield site on the B204 
release, caused its effective height to be between 50 and 70% of its physical 
height. Our study suggests that these values are rather conservative, and 
that the actual effective height of B204 lies more between 74 and 97% of its 
physical height, depending on the direction of the approach flow. If we 
recalculated our effective stack heights, assuming that our ground level 
concentration distributions over the site for the 150° and 270° wind 
directions should both be enhanced by 33%, the effective height of the 
B204 release would still be between 65 and 86% of its physical height. It 
seems clear, therefore, that the discrepancy in effective stack height 
predictions between the two studies does not arise purely from the 
differing ground level concentrations but is also strongly influenced by 
the method used to determine these effective stack heights from the ground 
level concentrations.
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5.5 Conclusions drawn from the dispersion results
Comparisons of the dispersion characteristics for our neutral boundary 
layer have shown that the plume spreads are very similar to those observed 
in the atmosphere for a category D Pasquill stability. The dispersion in the 
stable boundary layer falls between categories D and E, but with lower 
growth rates for both the vertical and lateral plume spreads. For all the 
building groups studied, the diagonal wind direction produced the higher 
ground level concentrations, or the greater reduction in effective stack 
height. The results for the reduction in effective stack height that were 
obtained in the stable boundary layer tend to lie above the corresponding 
neutral results, particularly as the release height increases. The higher 
release heights were above the top of the undisturbed stable boundary 
layer, but for the diagonal building orientations downwash brought the 
plume back down into the boundary layer, causing ground level 
concentrations to be measurable. For these higher release heights, the 
proximity of the plume to the top of the boundary layer is certainly 
influencing the effective stack height predicted in the stable boundary 
layer. So, not all the differences in dispersion behaviour between the two 
boundary layers can be attributed directly to the stratification.
It was found that for elevated releases above the nine spaced building 
groups in the neutral boundary layer (Cases E, F and G) the following 
simplifications could be used. For the normal wind direction, provided the 
spacing between the buildings is more than half their width (Sp>Wb/2), the 
building effect can be approximated to that of the isolated central building 
(case A). For the diagonal approach flow, representing the array as an 
equivalent single building having a volume equal to the sum of the 
individual buildings, yields the most similar behaviour in terms of the 
maximum ground level concentrations. This result implies that, an array of 
nine spaced buildings can be adequately represented by a single cuboid, of 
appropriate dimensions, for a wide range of elevated release heights.
We have found that the ground level concentrations, for releases above 
B204 over the Sellafield site, are not significantly different to those 
obtained when B204 is an isolated building (case A). This is a surprising 
result, considering the complexity and extent of the industrial site. Our 
results indicate that the effective height of B204 is between 74 and 97% of 
its physical height, rather than 50 to 70% as indicated by the BMT study. 
Although the ground level concentrations measured by BMT over the site 
are 33% higher than our corresponding values, it is believed that the major 
difference is being introduced by the method used to obtaining an effective 
stack height from the ground level concentration distribution.
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The horizontal standard deviation, oy, of plumes released in the undisturbed 
neutral and stable boundary layers, compared to Gifford values of horizontal 
turbulent diffusion for stability categories C, D and E.
x (m full scale)
The vertical standard deviation, oz, of plumes released in the undisturbed 
neutral and stable boundary layers, compared to the Hosker fit to Smith's data 
for Pasquill stability categories C, D and E with z0 = 0.4m
x (m full scale)
Figure 5.3. Growth in plume dimensions with downstream 
distance in EnFlo's undisturbed neutral and stable boundary 
layers, compared to plume dipersion observed in the 
atmosphere for three Pasquill stability categories.
Wind tunnel scale is 1:500.
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Figure 5.8. Variation of the m a x i m u m  non-dimensional ground 
level concentration, and its downstream location with increasing 
release height in the undisturbed neutral and stable boundary
layers.
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neu tra l and s tab le  boundary  layers.
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Figure 5.19. Comparison of EnFlo's centreline ground level concentrations 
with the BMT results for the isolated B230 stack (upper), and for releases
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Chapter 6 Development of a Gaussian plume model
Chapter 6. Development of a Gaussian plume model
6.1. A  simple Gaussian model
Vertical, lateral and ground level concentration profiles have been 
measured for plumes dispersing in the wakes of various building groups. 
These profiles have been compared to Gaussian distributions to quantify the 
dispersion behaviour in terms of the lateral and vertical spreads, <jv and <jz, 
and the position of the plume centreline height. In many of the cases 
studied, Gaussian shaped distributions have fitted the measured data very 
well. For these profiles, the maximum concentration was optimised to obtain 
the best fit to the data, but to test the applicability of the Gaussian model to 
predict the dispersion behaviour, it is necessary to calculate the 
concentration magnitude, using the chosen values of <xv and cr.. The 
equation for the bi-Gaussian plume model appeared previously as Equation
2.1, but is repeated here for the reader’s convenience:
HlUb u ref
Q 2n c / „ rfv„ c r v 0' ! exp
f  •> A-y~
2<y2 V.v y
Lateral spread
exp
2c:
2 \
+ exp
-(z + fy)
/
2(7]
V
(6.1)
Vertical spread
The parameters on the right hand side that need to be determined are Uadvec, 
which is the mean advection speed of the plume, the plume spreads: <ry and  
cr. and the centreline height of the plume zp. In the simplest Gaussian model, 
Gy and gz are functions only of downstream distance *, and the advection 
speed is taken as the local velocity at the release position. The plume height 
is assumed to remain constant with downstream distance, i.e. no plume rise 
or downwash is occurring. The growth of ay and oz with downstream 
distance in our undisturbed neutral boundary layer can be found from the 
lateral and vertical concentration profiles that were presented in Figures
5.1 and 5.2. The plume spreads oy and gz are plotted in the left hand plot of 
Figure 6.1, along with representative curves that will be used by the 
Gaussian model. This formulation of the dispersion allows the plume to grow 
initially as *, but further downstream it tends to *0'5.
To conserve the volume flux of concentration in the boundary layer the 
mean advection speed needs to be determined. Knowing the velocity profile 
in the boundary layer, the mean advection velocity across the plume depth 
can be calculated in the following way:
750
j c ( z ) t / ( z ) d z
^ = + 7 5 0 ------- <6'2>
J C(z) dz 
0
where the concentration, C(z), is calculated from the vertical spread part of 
Equation 6.1, and U from the velocity profile power law fit shown in Figure
6.1. In the Gaussian model that has been written in Excel 5.0, the advection 
velocity was calculated numerically by summing over 75 steps of 10mm.
This was implemented by writing a function that ran in Visual Basic which 
is available within Excel 5.0.
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From fitting bi-Gaussian profiles to the measured vertical concentration 
distributions for a release height of 250mm in the neutral boundary layer, 
it was found that the least square error with the data was achieved if the 
plume height, zp, slightly increased with downstream distance. The bottom 
right plot in Figure 6.1, shows the variation of the fitted zp values with 
downstream distance, which can be modelled as a straight line having a 
gradient dzp/dA = 0.0012.
Using the relationships shown in Figure 6.1 to describe the behaviour of <7y, 
g z and zp with downstream distance, and calculating Uadvec from equation 6.2, 
we can compare the Gaussian model results to the vertical and ground level 
concentration measurements along the plume centreline. This comparison 
is shown in Figure 6.2 for a release height of 250mm in the undisturbed 
neutral boundary layer. The values of G y , g z, Uadvec and zp were evaluated 
every 250mm in the x direction to form the ground level concentration 
distribution and at the positions of the vertical profiles. The lowest data 
point from each vertical profile has been plotted along with the ground 
level concentrations to give a feel for the experimental scatter when 
measuring these small concentrations, relative to the background 
hydrocarbon concentration in the approach flow. The Gaussian model 
describes the elevated dispersion behaviour very well, with the peak 
concentrations being predicted within 10%, for most of the downstream 
positions. The position of the peak in the ground level concentration 
distribution, X max is underestimated but the maximum concentration value is 
well predicted. X max is very sensitive to g z, s o  when a single value is used 
above and below the plume centreline, it results in the modelled plume 
contacting the ground too quickly.
The variation of calculated plume advection velocity with downstream 
distance, (using Equation 6.2), has also been plotted in Figure 6.2. As an 
elevated plume spreads vertically with downstream distance in a boundary 
layer, the average advection velocity initially slightly falls due to the 
sharper velocity gradient below the plume centreline (closer to the 
ground), than above it. Further downwind, when the ground reflection 
term in the bi-Gaussian model becomes significant, the net result of the 
vertical dispersion increases the average height of the plume causing the 
advection velocity to rise. However, the variation of the advection velocity 
with downstream distance only changes the concentration predictions by 
just over 1% in this example, so if a constant value for Ua(ivec was used, 
determined by the release height, the difference in model performance 
would have been negligible.
Figure 6.2. has demonstrated that when optimised values of G y , crz and zp are 
used in a Gaussian model, the elevated concentrations are predicted very 
well, but close to the ground, where there are sharp gradients in the 
boundary layer dispersion characteristics, the model over predicts the 
concentrations for smaller values of x. With the majority of the plume 
being faithfully represented by a Gaussian model, we can now start to 
investigate what parameters need to be adjusted to describe the plume 
behaviour when it is affected by buildings.
Vertical profiles at downstream positions of a=500, 1250, 2500 and 4000mm 
have been measured along the centreline of the plume for building groups 
A, B and F for the normal and diagonal wind directions. The plume was 
released at twice the building height from a ‘passive stack’ having no 
initial vertical momentum and of ambient density in the neutral boundary 
layer. The measured profiles were all well represented by the bi-Gaussian 
shape enabling values for a z and zp to be obtained from the fits. Figure 6.3
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shows the effect the building groups have on these parameters compared to 
the undisturbed boundary layer results. Looking firstly at a z we notice that 
for all the building cases the values are very similar and within 
experimental scatter they are the same as for the undisturbed boundary 
layer. However, the zp values clearly are significantly affected by some of 
the building groups. The six cases studied seem to divide up into three 
groups of two in terms of the effect they have on an elevated release. 
Building groups B and F at 45° produced the largest downwash in the plume 
which resulted in the most enhanced ground level concentration profiles. 
The increase in ground level concentrations caused by the building groups 
is due to vertical advection of the plume as a whole (downwash), rather 
than the plume being spread downwards more rapidly by the excess 
turbulence in the wake. Building groups A and F normal to the flow, only 
slightly reduced the plume rise from the undisturbed case and produced 
only marginally higher ground level concentrations.
The downwash of elevated releases due to the presence of the buildings was 
also observed in the flow visualisation experiments which were carried out. 
Figure 6.4 shows time averaged video images for releases at 1.4 and 2 times 
the building height over building case F, at 0° and 45° to the flow.
Downwash of the plume in the building wake is clearly taking place for the 
diagonal approach flow, particularly at the lower release height. Over the 
downstream distance visualised, which was about 10 building heights, 
downwash for the normal wind direction was not apparent.
Having established from the elevated plume behaviour that the most 
important parameter to modify is the mean plume height, zp, we will adjust 
this in the Gaussian model and compare the results to the measured vertical
and ground level concentration profiles in the building wakes. Figures 6.5 
to 6.10 show the comparisons. The dotted lines indicate a Gaussian model 
using parameters that give the best fit to the dispersion in our undisturbed 
boundary layer, and was compared to measured data in Figure 6.2. The solid 
line on the plots represents an identical Gaussian model, but with the 
inclusion of downwash. Building groups A and F normal to the flow, shown 
in Figures 6.5 and 6.7, have a negligible effect on the elevated plume so, 
since the Gaussian model gives a reasonable description of the undisturbed 
dispersion, it is no surprise that it also fits these data sets quite well.
Case A at 45° and case B at 0°, both had a similar influence on the plume 
behaviour and caused downwash of around 14mm per metre. Their 
comparison with the Gaussian models is presented in Figures 6.6 and 6.8.
The ground level concentrations, which are increased by a factor of two
relative to the undisturbed dispersion results, are well represented by the
Gaussian model that adjusts the plume centreline height. The agreement 
between the predicted elevated plume concentrations and the data has 
improved dramatically by including downwash.
Building cases B and F at 45° which are shown in Figures 6.9 and 6.10, 
produced the highest ground level concentrations and caused a plume 
downwash of around 65mm per metre. However, when this downwash was
included in the Gaussian model, it overpredicted the maximum ground level
concentration by about 50%. For these cases where the plume become 
significantly involved in the combined wakes of the buildings, the
assumption that the lateral spread of the plume is the same as in the
undisturbed boundary layer is probably invalid. It seemed reasonable to
expect that <ry could be a function of height, when only part of the plume is 
in the building wake. A modified Gaussian model will be investigated in the
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next section that includes the enhanced lateral spread of the plume as it 
becomes entrained into the main building wake.
6.2. A  modified Gaussian model
6.2.1. Modelling elevated releases of twice the building height
In Section 6.1 it was found that when a building causes significant 
downwash, such as for building case B at 45° to the flow, if the same 
downwash is implemented in a simple Gaussian model, the ground level 
concentrations are over estimated. It was suggested that this may be caused 
by the enhanced lateral spread of the plume as it is entrained into the 
main, highly turbulent, building wake. This was investigated by taking 
lateral profiles at 6 different heights at cross sections of interest to 
determine the variation of ay through the plume depth. The highest lateral 
profile was generally too close to the top of the plume for the concentration 
measurements to be reliable so this point has been omitted in the analysis.
Measurements were made at positions of 10, 12.8, 20, 26 and 32 building 
heights downstream, for the building case B at 45° to the flow, and a release 
height of twice the building height. Gaussian profiles were fitted to the 
lateral distributions by optimising the maximum concentration, y p and ay, at 
each elevation through the plume. The variation of lateral spread through 
the plume depth, for the downstream locations investigated, is shown in the 
upper part of Figure 6.11. The dotted vertical lines indicate the lateral 
plume spreads observed in the undisturbed boundary layer at each 
downstream position. The solid line is a polynomial curve describing the 
way the lateral spread is enhanced as the plume becomes entrained into the 
building wake. Beyond 26 building heights downstream, the vertical mixing 
in the plume causes the variation of c y with height to become less 
important, but the lateral spread is significantly larger than it was in the
undisturbed dispersion case.
The lower plots in Figure 6.11, show how the position of the maximum in 
the lateral concentration profiles, varies across the plume. We can see that 
the cross flow in the building wake has moved the plume centreline in the
negative y direction. This asymmetry in the wake is due to the building 
shape not being square, so at 45°, one building side is longer to the flow 
than the other. This means that the ground level concentration profiles 
were measured a little off the centreline of the plume, but this would only 
account for about 6% of the 50% difference between the Gaussian model and 
the experimental results as shown in Figure 6.9.
The growth of oy with x at ground level with the building present is shown
in Figure 6.12, compared with similar measurements made for a release
height of 1.4 times that of building case B. The lateral spread of plumes in 
the undisturbed boundary layer have also been included for comparison
purposes. Clearly, the building wake has increased the lateral plume 
spread, and this enhancement is also a function of the release height. The 
lower plumes become entrained into the building wake at an earlier stage,
and thus are much more affected by its enhanced mixing properties. The
next step was to try to incorporate this additional information of the
variation of oy with height and downstream position into a dispersion model
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to see if better agreement could be achieved with the measured 
concentrations downstream of the building for elevated releases.
Appendix 6. Shows that a plume model can be described where the lateral 
spread is not only a function of downstream distance, but is also a function 
of height. It has been shown that for any well behaved function of <7y(z), 
the expression for the concentration given by the Gaussian model, Equation 
6.1, is still valid.
Having obtained a modified Gaussian model in which G y can be a function of 
height, we will compare this model to the measured concentrations in the 
wake of building case B at 45° to the flow and with a release at twice the 
building height in the neutral boundary layer. Figure 6.13 shows the 
comparison between the concentration measurements, a Gaussian model 
with plume downwash and the modified Gaussian model that has downwash, 
but also enhances the lateral plume spread in the wake. The former model 
has already been compared to the concentration measurements in Figure
6.9, where it was noted that the ground level concentrations were 
significantly overestimated. The variation of cr,. with height in the modified 
Gaussian model was taken from the polynomial curve fit to the measured 
data that was presented in Figure 6.11. The variation of ay with downstream 
distance at ground level was modelled using the expression in Figure 6.12, 
for a release of twice the building height.
The modified Gaussian model certainly fits the vertical and ground level
concentrations distributions much more closely than when the lateral 
spread is assumed to remain unchanged. The slight overestimation of the 
maximum ground level concentration may partly be caused by the lateral 
shift of the plume centreline in the wake, as was shown by the yp plots in 
Figure 6.11. The measured “centreline” ground level concentration profile 
was therefore not along the plume’s centreline. If the measured data were
along the plume’s centreline this would increase the concentrations by 
about 6%. The dotted line is not shown on the first few vertical profiles 
because the plume has not yet been long enough in the wake to feel the 
effects of the enhanced lateral spread.
To summarise what has been learned so far about dispersion of plumes that 
are released at twice the building height is:
a) cr. is not really affected by the building wake, so using the undisturbed 
flow values is a valid approximation,
b) Plume downwash (caused by either the external flow being entrained 
into the wake or the strong roof vortices that are generated for the
diagonal wind directions) is responsible for enhancing the ground level 
concentration, not the increased vertical spreading rate,
c) As the plume becomes entrained into the main building wake, the 
increased turbulence enhances the lateral spread of the plume, which has 
the effect of reducing the centreline concentrations. Initially this makes
a y a function of height, but further downstream this increased lateral 
spread affects the whole depth of the plume, and G y becomes more or less 
independent of height,
d) For the asymmetric buildings at 45° the plume moves off the tunnel 
centreline a little,
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e) All the concentration distribution shapes remain Gaussian throughout 
the plume, so a modified Gaussian model can be developed which adequately 
describes the concentration field.
6.2.2. Modelling elevated releases of 1.4 times the building height
The behaviour of the plume released at twice the building height has been 
investigated in the previous section, but as the release height is reduced we 
know from the ground level concentration that the building effect becomes 
progressively more significant. For a roof level emission, where the flow 
remains fully separated over the building, a major part of the release would 
become entrained into the recirculating flow region where both the 
vertical and lateral spread of the plume would be significantly enhanced. 
With this thought in mind, it was decided to make a detailed mapping of the 
concentration field for a release height of 1.4 times the building height for 
case B at 45° to the flow, to determine when the observations made at the 
end of the last section start to break down. The experimental procedure and 
analysis of the results was exactly the same as in the previous section, but 
now with a release height of 175mm instead of 250mm. oy and yp derived 
from optimised Gaussian fits to the lateral profiles are presented in Figure 
6.14. The first thing that is noticeably different in these results, as 
compared to the ones presented in Figure 6.11 for the higher release, is that 
the offset of the plume centreline yp, is much more significant. The values 
of <7y are also far more enhanced, so the building wake effects on the plume 
have been increased by lowering the release height, as would be expected.
The magnitude of the centreline offset of the plume was not envisaged 
prior to taking the lateral profiles, so the plume centreline was well to one 
side of the dispersion rake. This meant that the tail of the distribution on 
one side was not measured very well, but from available profiles, it appears 
that the plume was becoming skewed. This perhaps could be modelled using
two values of crv to describe one lateral profile, one for the left hand side of 
the plume centreline and other for the right hand side. This modelling has 
not been tried, since the measured lateral distributions were not completely
captured due to the imperfect positioning of the rake. An averaged value 
for the lateral plume spread at ground level in the wake over the range of 
downstream positions investigated, is plotted in Figure 6.12.
A modified Gaussian plume model has been compared to the plume
centreline vertical and ground level concentration profiles in the same 
way as for the higher release height, see Figure 6.15. The vertical 
concentration profiles were measured after the lateral ones, and were
positioned at the average plume centreline given by the yp values at each
downstream location. The two profiles that have been plotted at x / Hb = 4
show that the concentration distribution is very much a function of
spanwise position. Clearly at this downstream location, a simple Gaussian 
model that assumes zp and o z are independent of y, cannot predict the 
concentrations in this part of the plume. However, at x lH b = 10, vertical 
profiles showed that the value of <j z and zp had become independent of the 
spanwise position. This was the first downstream location at which oy 
measurements were made, and the modified Gaussian model fits the 
measured concentrations quite well. Further downstream the modified 
model tends to under-predict the concentrations, because the a y values 
either side of yp are not really the same, and the larger of the two has been 
used by this model. Considering the whole centreline profile, in general
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the ground level concentrations were predicted better by the modified 
Gaussian model where ay is enhanced by the building, than when the 
undisturbed values were used.
So, comparing the conclusions for a release height of 1.4 times the building 
height to those made for twice the building height, we find that:
a) Beyond 10 building heights downstream the value of crz is not greater 
than in the undisturbed dispersion case, but nearer the building it becomes 
a function of lateral position as well as downstream location and for some of 
the y locations in this region the vertical spread of the plume is enhanced 
by the wake,
b) plume downwash is still the major reason why the ground level 
concentrations are enhanced by the presence of the building,
c) the increase in plume width is more pronounced for this lower release 
height,
d) the plume centreline offset is also more significant for the lower release 
case,
e) the lateral profiles measured beyond 10 building heights downstream 
become progressively more skewed and could be better represented using 
two values of c^ . either side of yp.
6.3 Discussion of modified Gaussian model performance
Huber and Snyder (1982) investigated the effects of a rectangular building 
on dispersion of effluents from short stacks in a simulated neutral 
boundary layer. They measured centreline ground level concentrations in 
the wake of the building for a range of release heights, and near the point 
of maximum concentration vertical profiles were measured. They developed 
a Gaussian plume model to represent the plume behaviour by adjusting the 
vertical spread. Looking at the fits that their modified Gaussian model gave 
to the measured vertical profiles, the agreement was only good over the
lower part of the profile. The plume height in their model was held
constant and the lateral spread of the plume was kept the same as in the
undisturbed boundary layer. To model the increased concentration close to 
the ground, observed in the measurements, the vertical spread was
increased. However this meant that the concentrations higher up were 
significantly overestimated. Since their objective was to predict the ground 
level concentration profiles, this was not of immediate concern. However, 
the Gaussian model conserves concentration flux, so if one part is 
overestimated, this must mean that another part in the cross section is 
under-predicted to compensate. They state in their discussion of results that 
the measured ground level lateral spread was far greater than their model 
predicted, which assumed no enhancement of <jr  Elevated lateral profiles at
1.5 times the building height showed good agreement with their model 
spread. Their data confirms what was observed in our measurements, that 
within the main building wake ay is a function of height.
The centreline ground level concentration profiles in their model were 
well predicted by using a az that was too large, and a ay that was too small. 
The effect of these modelling approximations balanced out to achieve good
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agreement in the centreline ground level concentration distributions. If 
either one of these parameters had been modelled more accurately, the 
resulting centreline ground level concentration predictions would have 
become worse. However, they only looked at the situation where the 
building is normal to the flow and we shall see later that if this model were 
applied to the diagonal wind direction, where the downwash in the wake is 
much stronger, it is impossible to get a good fit to even just the centreline 
ground level concentrations by adjusting a z alone. The significance of 
plume downwash for elevated releases above buildings was clearly 
demonstrated in a more recent paper by Snyder (1994a), where it was 
shown to be the most important plume perturbation, as far as the ground 
level concentrations are concerned.
In the modified Gaussian model, whose results were presented in Figure 
6.13, the whole concentration field was represented very well. This was 
achieved by using the undisturbed dispersion values for <7Z, but letting z,, be
a function of a-, and <7y be a function of both a and z. If only ground level
concentrations are required, the model would only need to know how <7y 
varies with a ,  but not how it varied with height. So, to represent accurately 
the ground level distributions for an elevated release above a building, the 
variations of zp and cry with a  need to be determined, but all the other
parameters are kept the same as in the undisturbed case.
If a building effect model is required which only adjusts one parameter, it 
would be best to allow the plume centreline height to vary with a .  We have 
already considered such a model in Figure 6.9, and came to the conclusion 
that £7y had to be enhanced, otherwise the ground level concentrations were 
over estimated. However, if the modelled plume downwash were reduced 
somewhat, the maximum ground level concentration would be reduced 
without needing to increase the lateral spread. This simple model has been 
compared to the measured concentrations for a release of twice the 
building height for case B, 45° to the flow, and is shown by the solid line in 
Figure 6.16. This model is identical to the one presented in Figure 6.9, except 
the plume is not brought down to ground level until 50 building heights 
downstream instead of 30. From the vertical profiles in Figure 6.16, we can 
see that this model has underestimated the plume downwash, but this has 
led to an improvement in the centreline ground level concentration 
predictions. Further downwind, in the far wake, the ground level 
concentration tend to be slightly overestimated, since the lateral spread has 
not been enhanced.
The dotted lines in Figure 6.16 are results from a Gaussian model that 
represents the building affect by just enhancing the vertical plume spread, 
whilst leaving the plume width and its centreline height unchanged. The 
enhancement of gz has been optimised to give the best fit to the centreline 
ground level concentration profile. Beyond 15 building heights 
downstream, increasing o z further, results in lower ground level 
concentrations, since it puts more of the plume higher up in the boundary 
layer. Looking at both the vertical and ground level distributions, it is clear 
that when the building is at 45° to the flow, the model which adjusts the 
plume centreline height is much more representative of the true 
dispersion behaviour.
Our results have shown that the dispersion of elevated releases of twice the 
building height and above can be well represented by a modified Gaussian 
model that includes downwash and enhanced lateral spread of the plume as 
it becomes entrained into the building wake. If only centreline ground 
level concentrations are required, this distribution can be adequately
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modelled by just including an ‘effective’ plume downwash, which is less 
than the observed downwash, to compensate for the fact that <jy is not being 
enhanced. Certainly, when predicting concentration for both diagonal and 
normal wind directions, this method yields much better agreement with the 
measured concentrations than models that enhance the vertical plume 
spread to compensate for the building effect.
6.4 Important flow parameters for dispersion modelling.
Having flow and dispersion measurements around building groups A, B and 
F for the normal and diagonal wind directions, we are now in a position to 
determine what perturbations in the wakes correlate with the maximum 
building effect for an elevated release. Looking at Figure 4.14, we see that 
in the wake of building case F, normal to the flow, the perturbations are 
relatively large compared to the other cases studied. However, if we turn to 
the bottom plot in Figure 6.17, this building group yields the lowest 
building effect over the range of release heights studied. So the velocity 
deficit and the enhancement of the Reynolds stresses in the wake are not 
the major parameters that control how significant the building influence 
is on an elevated release. The upper plot in Figure 6.17 shows the flow angle 
to the horizontal in the xz  plane along the wake centreline at the building 
height. This plot appeared earlier as Figure 4.15, but has been repeated 
here for comparison purposes. The lower plot shows reduction in effective 
stack height results for these building groups. The negative flow angle is 
associated with downwash in the wake, which is greatest for groups B and F 
diagonal to the flow. As can be seen from the plot below, these two cases 
caused the maximum building effect. This correlation between the flow 
downwash and the building effect is also followed fairly closely by all the 
other building groups. This behaviour is in agreement with what we have 
suggested earlier in this chapter, namely that the most important 
parameter to adjust in the Gaussian dispersion model is the mean plume 
height zp, when attempting to simulate the building influence on an 
elevated release.
For a model that is designed to calculate only dispersion for releases of 1.5 
times the building height and above, it is not necessary to calculate the 
velocity deficit or the Reynolds stresses perturbations in the wake. The 
most important flow property to model is the vertical velocity (or 
downwash) in the wake that advects the elevated plume closer to the 
ground. This would be linked in the Gaussian model to how the mean plume 
height changes with downstream distance. The second flow property that 
would be useful to calculate is the width of the building wake. If the plume 
becomes significantly entrained into the main wake this width can be used 
to increase the lateral plume spread, thus preventing the centreline 
ground level concentrations becoming overestimated. Any such flow model 
must take into account the orientation of the building, since this has a 
major effect on the wake downwash.
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C h a p te r  7. Conclusions
7.1 Conclusions of the experimental results and analysis
The wind tunnel instrumentation and control systems have been 
substantially developed and improved during this project. The traverse 
system has been upgraded to enable movement along the longitudinal axis, and all three axis can now be controlled from the data acquisition 
computer, enabling automated data collection. A cold wire has been synchronised with the Laser Doppler Anemometry system, so that heat flux measurements can be made in the stable boundary layer.
Flow measurements made in the simulated neutral and stable boundary layers showed that their depths correspond to 500 and 125m respectively at full scale. For the stable boundary layer, the non-dimensional velocity and 
temperature gradients fall centrally within the range of field observations compiled by Hogstrom (1988). The characteristics of both boundary layers show that they are typical of what one might expect in the atmosphere for their respective stability classes.
Measurements of vertical and lateral plume spreads in the undisturbed neutral boundary layer, taken at a number of downwind positions, indicated that the dispersion behaviour is similar to that given by the Pasquill scheme for neutral stability using a 1:500 scale factor. The lower turbulence levels in the stable boundary layer caused the plume spreading rates to be approximately halved when compared with the dispersion behaviour in the neutral boundary layer. The vertical spread of the plume 
is suppressed slightly more than laterally, which is usual for a stable boundary layer.
Comparison of a simplified, integral 3D momentum dominated wake model 
with cross-wire measurements made for building cases A (isolated B204), B (A single building having plan dimensions three times that of case A) and F (9 buildings spaced by one building width), showed good agreement for the normal wind direction. However, for the diagonal approach flow, the roof 
vortices generated at the swept back leading edges played an important role in the main wake, causing velocity excesses to occur on the wake centreline beyond 10 building heights downwind. For this situation the assumption that the wake is momentum dominated is clearly invalid.
For the normal wind direction, it was found that the value of the constant 
u / U ref, related to the couple on the building, could be scaled directly on the frontal area of the building faces seen by the flow for the three building 
wakes studied. So, to give good agreement between the measurements and 
the model, u / U ref was 1.25 for building case A, 3.75 for case B and 11.25 for case F. This was the only parameter that was changed in the model to fit 
these three different building cases. The applicability of the model to the normal wind direction has shown that the momentum part of the wake 
dynamics can be predicted reasonably well. Further work is needed to model the behaviour of the strong, predominantly imbalanced roof vortices 
that significantly affect the wake behaviour for diagonal approach flows. Concentration measurements have shown that the building orientations of 30°, 45° and 60° all enhanced the ground level concentrations by similar amounts. So it appears that the 0° wind direction is more of a special case, 
with the majority of approach flows acting as diagonal.
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The flow and dispersion results for building groups were compared to investigate which perturbations in the wake led to the largest enhancement of the ground level concentrations for elevated releases. Although building case F, normal to the flow, produced relatively large perturbations in all the measured Reynolds stresses, it caused the smallest rise in the ground level concentrations. The vertical extent of the wake was very similar to the other building cases, so this minimal building influence was not because the wake was physically smaller. However, when the mean vertical velocity (downwash) in the wake was compared to the resulting 
ground level concentrations, they were clearly correlated. So this has 
demonstrated that when predicting dispersion from elevated releases above buildings, the most important wake perturbation to model is the downwash, particularly so when the approach flow is diagonal to the upwind building face.
For the generic building groups, it was found that for the normal wind direction, provided the spacing of the surrounding buildings was more than half the building width, their influence on the maximum ground levelconcentration was negligible. However, for diagonal approach flow, the
surrounding buildings are best represented by forming a single cuboid of 
equal volume to the sum of the individual buildings as far as the maximum ground level concentrations are concerned. For this simplification the cuboid should still be considered at 45° to the approaching flow. Dispersion measurements over the Sellafield site for releases above B204 showed thatthe ground level concentrations were just a little lower than those obtainedwhen B204 was isolated. Elevated concentration profiles demonstrated that the lateral spread was slightly enhanced over the site. The buildings immediately surrounding B204 are about half its height, and appear not to 
have had a significant effect on the ground level concentrations.
Previous studies conducted for British Nuclear Fuels Ltd, indicated that the influence of the Sellafield site on the B204 release caused its effective height to be between 50 and 70% of its physical height. Our study suggests that these values are rather conservative, and that the actual effective height of B204 lies more between 70 and 95% of its physical height. An important factor contributing to this discrepancy is the way in which the effective stack height is determined from the ground level concentrations.In our study the maximum ground level concentration was compared to corresponding values obtain in the undisturbed boundary layer for a range 
of release heights. Earlier studies compared the ground level concentrations with the R91 model, which may or may not, have been a 
good description of the dispersion characteristics the undisturbed boundary layer.
This project has demonstrated that the effect of the surrounding buildings
and topography at the Sellafield site have caused a negligible change in the
maximum ground level concentrations measured downstream of B204. An 
extension to this project considered the effect of ‘moving’ the B204building and its elevated release around the site to see how general thisconclusion was. Only when B204 was positioned directly upstream or
downstream of B570, a large building with an extensive flat roof, were the ground level concentrations enhanced. Even at this position, the resultingeffective stack height of B204 was still 65% of its physical height.
Detailed measurements of the elevated plume at a number of downstreamstations were made for some of the generic building groups to determine which parameters in a Gaussian model need to be adjusted to represent thebuilding affected dispersion results. It was found for elevated releases that
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the vertical spread of the plume was unaffected by the presence of the 
buildings, but that the downwash, causing the mean height of the plume to decrease, was the predominant reason why the ground level concentrations are enhanced. For release heights of around 1,5 times the building height, the plume becomes significantly entrained into the main building wake, and the lateral plume spread is enhanced, causing a decrease in themaximum ground level concentration. It has been shown that, when these 
modifications were applied to the Gaussian plume model, it represented the resulting concentration field downwind of the building groups quite well.
The dispersion results in the stable boundary layer for elevated releases
above three of the building groups indicated that the reductions in theeffective stack heights were similar to those obtained in the neutralboundary layer, for the lower releases of 1.2 and 1.4 times the building height. For the higher releases of 1.68 and 2 times the building height,
these elevations are greater than the undisturbed stable boundary layer depth. For the cases where ground level concentrations were stillmeasured, the building downwash must have been responsible for bringing the plume back into the boundary layer. The fact that the building influence for these higher releases heights was more significantthan in the neutral boundary layer may well be an affect of the stable
boundary layer being only a fifth of the depth of the neutral one. To investigate whether the stratification or the shallowness of the stable boundary layer is giving rise to the enhanced building effect for thehigher release heights, either a deeper stable boundary layer would need to
be developed, or the scale of the building models changed. However, the differences in the neutral and stable boundary layer depths are quitetypical of what one might expect for their respective stability classes.
7.2  S u g g es tio n s  fo r  f u r th e r  w o rk  in  th is  a re a .
In the neutral boundary layer, more work needs to be done in determining how the downwash and lateral plume spread vary with release height for a 
range of building groups. Flow visualisation may be useful here, since information is required about the physical shape of the plumes rather than 
absolute concentration measurements. Our research has shown that provided both the downwash and the enhanced lateral spread due to the building is known, a Gaussian plume model can accurately predict the 
resulting concentration field. After creating this data base,' it will be possible to see if there are any general patterns in the results for which types of building groups similarly affect the downwash, and which ones cause a similar enhancement to ar It may be possible to link the increase in 
lateral plume spread in some way with the building group’s size, orientation and spacing. If the downwash and increased lateral plume 
spread can be adequately modelled, it should be possible to make good estimates of the resulting concentration field for elevated releases above 
building groups.
The 3D momentum dominated wake model that has been developed needs to be extended so that it can also yield estimates of the downwash or vertical 
velocity in the wake. Downwash affects the mean height of the plume, 
which leads to the significant enhancement of the ground level concentrations which have been observed in this study. For the diagonal wind directions, when the roof vortices generated at the swept back leading 
edges play a significant role in the wake dynamics, an analytical model of
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their behaviour is required so that the strong downwash that is observed can be predicted.
In the stable boundary layer, the buildings effect for releases of 1.6 times 
the building height and above needs to be investigated to determine the influence of stratification compared to the proximity of the release to the top of the boundary layer. A careful study is needed to determine what this effect is, taking care to ensure that the release is not above the top of the 
boundary layer, and that the temperature of the release is matched to that of the surrounding flow.
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Appendix 1: Obstacle Froude numbers in a stable boundary layer
Appendix 1 Derives an expression for how the obstacle Froude number 
varies with increasing stratification in the stable boundary layer.
In the stable boundary layer we have the log linear velocity profile given 
b y
^ - . o g +Ai
and the temperature profile given by
A7 = -  log
K \ o  J
+Pi
The obstacle Froude number is given by:
where N is the buoyancy frequency expressed as
N 2 =ji _ g  d T
T  dz
Differentiating equation (2) we obtain
d T  _ T J \  P t 
dz k  yz L
Substituting this into the equation (4) we obtain
T  K Vz L
The Monin-Obukhov length scale can be expressed as
T ui
Kg w T
( 1 )
( 2 )
(3)
(4)
(5)
( 6 )
(7)
but in the surface layer w T  =  T*u*, Substituting this into equation (7) and 
rearranging to obtain the temperature scale we have:
T id T id
L  — ---- => T* —----
Kg T* Kg L
Substituting this result into equation (6) we obtain:
( 8 )
T k  Kg L  \z L  ) k ~ L \ z
( 9 )
This can now be substituted into equation (3) to give:
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f KU^
F =
m£_J_ 
K2 L
JL + i r
KHb L J)
Hh
L
( 1 0 )
Hu
where the equation has been evaluated at the building height. The Froude number then becomes:
F =
kU
iu
Ml
L
( 1 1 )
H,
If we rearrange equation (1) and evaluating for the building height we obtain
kU
= i log
\  J
( 1 2 )
Substituting this into equation (11) we have
Hur H. Alog
p -  I
+ 8 a l l  
P" L
•v M t t + A
(13)
For strong stratification Hu )) 1 so the Froude number tends to
log
F =
H, \
+ Pu
Hb (s Ml
Pu L A
Hu L a
TT + Pi
(14)
Thus as the stability is increased the Froude number limit is A
W r
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Appendix 2 Cross-wind integrated concentrations
A pp en d ix  2: The re la tionsh ip  betw een  a zf z p and the cross-
w ind  in te g r a te d  grou n d  leve l co n cen tra t io n s .
Appendix 2 derives an expression which can iteratively be solved to 
find a z and zp from  the cross-w ind integrated ground level 
concen tra tions from  the b i-G aussian  plum e equation.
The bi-Gaussian equation can be expressed as:
I - v 2 1 ~ ( - U - z f fexpCUrefH2b H(Ub  r e f
Q
Lateral dist
exp
2cr
V
+ exp
2 a
Vertical distribution
Where U advec is a constant taken as the 10 m wind speed U I0. 
For ground level concentrations this equation reduces to
C = Q
KUmOxO
exp
v2r f
expr -z  n  
v 2(7i ,
Integrating w.r.t y gives:
] c d y  =
Q
KU,0a ra z exp exp' r f )  to* J dy
( 2 )
( 1 )
( 3 )
and since
( 4 )
Let a = 2a; exp
f  2 ^-y
2cr2 V .v 7
dy = I— = f o r a f  = o y4 2 n ( 5 )
Substituting this results into equation (3) we obtain
] C d y = rfrfi exp
L
r  ^  V*z t ( 6 )
which can be rearranged to give
a z exp
\ \®zJ
2\ V2Q
4xU l0 J Cdy
( 7 )
there ai*e two solutions to the equation, either the plume is elevated and a jzp is small or 
the plume is low and a jz p is large.
168
A p p e n d ix  3 W a k e  m od e l  de r iv a t io n
Appendix 3: 3D Wake model derivation
The main wake model presented here is a simplified 3D version of the small deficit wake model proposed by Counihan et al (1974). The model is based on a momentum dominated wake, so all the coherent vorticity generated bythe building is assumed to be broken down very quickly. This will be muchmore true of buildings normal to the flow than for the diagonal cases. Themain wake is modelled using a constant eddy viscosity defined by the
upstream flow conditions.
Dia grams  show the notat ion  used in the analysis  o f  the wake  model
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Flow equations in the undisturbed boundary layer
The Navier Stokes momentum equations can be expressed as:
dU; 1 dP 1 dx aUi—^  + FFL. + ± -±  = o (1 )
dxj p dxj p  dxj
Writing this equation out in full for the mean flow direction in theundisturbed boundary layer we have:
t / ^ + v ^  + w ^ + I f I k + I ^ + l £ E 2: = _ i ^  ( 2 )
dx dy dz p dx p dz p dy p dx
But the undisturbed boundary layer flow is two dimensional and fully developed so
dU dU dTrr
*  -  *  = ^ = v  = w  = Tsy = °  o )
where T is the shear stress in the undisturbed boundary layer. 
Substituting this into Equation (2) we get:
( 4 )
p dz p dx
which is the momentum equation in the undisturbed boundary layer approaching the building. Since the viscous effects are very small, relative
to the Reynolds stresses, they have been neglected.
Flow equations in the wake of the building
Counihan et al (1974) found that the pressure perturbation in the wake was not significant, so it has been neglected in this 3D analysis. Let the flow in 
the building wake (symbols with the hat) be expressed in terms of the undisturbed boundary layer (upper case without the hat), and a
perturbation (lower case):
U = U + u 
V = V  + v 
W = W + w 
T =T + txy xy xy
T = T + Tx xz xz xz
Substituting values for the approach flow shown in equation (3) we get:
0  = U + u
V ~ v
W = w (5)
T - Txy xy
T - T + t
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Writing equation (1) out in full for the wake in the mean flow direction we 
have:
r. d U  ~ d O t?/ d U  1 oTTxz 1 d f xv 1 d P
U  —  +  V  —  +  W —  + -- ~  +-= —  (6)
dx dy dz p  dz p  dy p  dx
substituting for the actual quantities using the relationships in equation 5 this becomes:
(V I rri(C/ + t,) I v d ( V  +  U)  ^u d { U  +  u) I 1 ^ -  + Tj » 1 - 1 3 P (7)
dx dy dz p  dz p  dy p  dx
d U  d Ubut —— , —  are zero since the approach flow is fully developed and two
dy dx
dimensional and u~- , v ~  , w-~ are second order terms and so can be
dx dy dz
neglected. This is where the small perturbation assumption for u is made in the model formulation. Equation (7) then becomes:
u L + w ^ + l & l L l + L ^ = - L L ( 8 )
dx dz p  dz p  dy p  dx
To obtain the perturbed quantities in the wake we need to subtract the undisturbed flow result (Equation (4)) from this giving:
du d U 1 dr l dx
U-— + W —  +  ^ L  +  = 0
dx dz p  dy p  dz
The order of magnitude of the first term in this expression is:
TIdu TT u 
U — =4> U  —  
dx L x
where L x is a longitudinal length scale in the wake. Assuming the three terms in the continuity equation:
du dv d w  —  + —  + —  = 0
dx dy dz
are of the same order of magnitude it follows that:
du _ d w  u _ vv ^ _ uLz
dx dz L x L z L x
d U  u L  U  . . TTdu L. d Uso: w --=>— -—  therefore U — ~ -—-vv—
dz L x 8 dx 8 dz
where 8 is the boundary layer depth. Since the ration of L z to 8 is of the
d Uorder of 0.1 w— • can be neglected in equation (8). However at a latter
dz
stage we assume a uniform approach flow thus —  = 0,
dz
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The equation of motion for the perturbation in the wake is now given by:
jj —  -  1 dfyy 1 d t xz
<9a  p  dy p  dz
Modelling the Reynolds shear stresses using the eddy viscosity assumption,
the equation becomes:
jjdu _  d
where ky and k z are assumed to be constant.
fi*]+i 'k *1
1 J dy* + & dz) ( 1 0 )
Momentum flux cannot be used as the conserved quantity in the wake since transfer takes place at the surface. However, if the moment of momentum from the surface is used, this is conserved since the surface stress does not contribute. Multiplying Equation (9) by z and integrating over y and z the right hand side of the equation becomes zero. The left hand side then gives 
the conservation condition:
j  OO CO
j - j  j(zUu)dydz =  0 (11)
0 -CO
The co-ordinates a , y and z are non dimensionalised by suitable length scales in the flow so:
£ = —  ri = Y -  (  = A
H b L, L
where H  b is the building height and L y and L z are lateral and vertical length scales are functions of the downstream distance.
The similarity solution for the velocity deficit in the wake has the form:
u = u0( £ ) H ( t i  O  ( 1 2 )
where u0 is the magnitude of the disturbance that decays with downstream 
distance, and H  is a function of both nand £ . The objective of the analysis 
is to determine what these functions are.
The shape of the velocity profile for the undisturbed boundary layer is described by:
U  =  U,
r v  
z
where U h is the velocity at the building height in the undisturbed flow, and 
n is a constant that is optimised to give the best fit to the velocity profile, n 
is typically about 0.17.
Substituting the non dimensional form of z into the equation it becomes:
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U  =  U, (13)
duC a l c u l a t i n g  —
dx
by the product rule:
du du0 dH—  = — -  H + t u ­
fa dx dx
(14)
For partial differentiation:
dH_^dH_dn_ dH_dff 
dx dr} dx d( dx
(15)
drj _ dr) dLy
dx dLv dx
y dLy dt; _  1 1  dLy
1 * 1% Ix ~~JTb l / . l i [ ri
This results can be substituted into equation (15) together with the 
analogous result for £ so this becomes:
dH_ =  ! _ J _ +  i S L  1 1 dL ,-dH
dx ~ Hb L di;V dr] Lz d£ 4 %
Substituting these result back into equation (14) gives
du 1 du0 Tf u0 1 dLv dH u0 1 dL y dH -  £- H  - -frTj—  °-----------------
dx Hb dt; Hb Lv d i  dn Hb Lz d i  d i
(16)
C a l c u l a t i n g d 2u
du d(u0H) dH dr]
dy ~ U° 1 1 1  ~ U°
r }_dH^  
k L, dr,
so:
d 2u
V
'-Ur
1 d 2H
A  dr]2
and by analogy d2u
~dz‘
~  Ur
(  1 d 2u \
A  d i 2 )
(17)
Rearranging Equation (10) gives:
*  d \
u dx y dy2 dz1
substituting equations 13, 16 and 17 into this equation:
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Oh.
Hu
V* du0
~dj
U,
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Hi
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z 7 ^
V
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— Ur
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*, # 2/ /  
4  d n 2
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— Ur
dr j
K  d 2H  
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Multiplying by
« 0 k z
let this be m
HbU„ (  j \ 2+"
\ H bJ
1 dua
“ o
f ' H  -
HbUh
\ 2+h
yHbJ
1 dL.
L z dt;
H bU„
\ 2+ii 1 dL,,
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x ,
L i s  
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L,di;
d 2H  d 2H
r, d H
C n - r -
d n
( 1 8 )
d n 2 d f
= 0
Let this be 1
It is valid to set one term equal to unity because L z has not yet been defined. This second order differential equation must have a solution for H  that is 
independent of For this similarity assumption to be true the expressions 
shown in bracket must be constants.
H bU h
let
\ 2+/i
b J
1 d L 7Tz~di%= 1 ( 1 9 )
This can be rearranged so:
H bU h
(  r  V +" d \  *
\ H b J
= i
which can be integrated to give:
fir \Also L\ = L]
\ kzJ
f  J \ 2+n
\ H bJ H bU„ ( 2 0 )
so we have:
H,,
(2 + n ) - ^ - 5
HbUh j
Mi
( 2 1 )
H b
kf ( k Y
\ nA
Yu
HbU,ffkzJ
( 22)
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both L y and L z grow at a rate of in the building wake.
From Equations (19) and (20) it follows that:
f  t \ 2+nHbUh
Hu
J L & .  =(2 + n ) ^  = l 
L z dt; J L Z dt;
Also by analogy the first coefficient in Equation (18) treated in the same 
way gives:
H bU h ( L. * * *
KHb j
1 du0 , £ du0
0 =(2 + «)— —  =  rn say
u 0 d$ v ' uQ d%
(2 + /i) J  — duQ = /ii J  jd%
,, _  r, £%+»so: u q (23)
where u is made up of the constants of integration from the two integrals.
To find the value of m  we need to use the conservation condition given in Equation (11). Substituting into this expression the known equations it becomes:
dx I J A  u h
'L .  N
V B b j
dydz = 0
and changing the variables gives:
d
V I
Q n n L , L tH dr\d( - 0 (24)
At a given cross section downstream, L y, L z and u 0 are not functions of ri and 
£ so they can be taken out of the integral. The equation then becomes:
U,
dt;
FT L A j  0
The result of the integral will be a constant. Therefore, for the derivative to equal zero the expression in the square brackets must also be a constant. 
Summing up powers of £ for this expression yields:
m n +1 1 1+  + - + -  = 0
2  +  / i  2  +  /z 2  +  az 2  +  ai 
so m  - -(3+n) and u0 can be written as:
( 2 5 )
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We have now found out how the magnitude of the velocity deficit decays in the wake. The constant, u, comes from the evaluating the integral in the conservation equation.
Determination of the function HCn,£)
It can be shown that:
1 dL , _  1 dL,
Ly dk  ~  Lz di;
Substituting this, and the result for m  into equation (18) gives: 
yn dH +n dH d 2H d 2H  n
+ f  *  + l f  U 6 )
We only have a simple analytical solution in the limit n=0, so U ( z ) ~  Uh i.e. a uniform approach flow.
Writing H  = h (Q  g(t]) this equation becomes:
3 hg +r\hg' + Qi'g + h g "  + h " g  = 0
Writing this expression as two separate equations for the lateral and 
vertical profiles
la teral profile
hg +  7]hg' + hg" = 0 ( 27 )
dividing through by h and simplifying using the product rule this becomes
g" +  (rig) =0
g '  =  -r ig
g =  e~n^  (28)
V ertica l profile
2 hg + ( h 'g  + h " g  = 0 (29)
2Qi + i 2h' + C/h” = 0
(Ch)  +<;/)"=o
f 2/i + f / i '- / j  = 0 
( h ' - ( \ - ? ) h  =  0
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f ? M 2)
h =  ( e
The similarity solution now becomes:
D e c a y  rate L a t e r a l  V e r t i c a l
u —  u
( 3 0 )
( 3 1 )
B ehaviour of the Reynolds stresses in  the wake
The eddy viscosity model approximates the Reynolds stresses as:
du
substituting for u
* » = * « *
/ A
V * '
V_________ J
dz
51 (eJ ' +
h
TXZ=“k
Decay rate
, A- v Lateral Vertical profile
e”(3+/4+/i) Cj/ ? (32)
The decay rate of the shear stress in the wake is given by:
fC = = (4 ^ +>) 
L, frA+n
(33)
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Appendix 4 Summary of flow measurements
A ppendix 4. Sum m ary of flow m easurem ents in the build ing
w a k e s .
The perturbed flow characteristics in the building wakes were investigated by measuring vertical and lateral profiles using a cross-wire. By making such measurements at a number of downstream positions the spread and 
decay rates in the wakes could be analysed and compared to the 3D wake 
model. The cross-wire angle calibration was carried out in a small ‘calibration’ tunnel and was assumed constant over the life of the probe. The velocity calibration was repeated before each measurement run and was performed in the main wind tunnel, half way up the boundary layer using a propeller anemometer as the velocity reference. Drift in the cross­wire calibration over run periods of 20 hours or so was not generally significant and for most cases the agreement of the mean velocity was within ±1% of the propeller over the whole period.
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Appendix 5 Ground level concentration data
Appendix 5. Ground level concentration measurements in the
build ing wakes.
The centreline concentrations in the building wakes are non- dimensionalised by the height of the buildings which were all 125mm. The 
curves fitted to the data are given by Equation 5.2 using values for C max, X max,
q and m  as tabulated above each plot. The appropriate effective stack heightfor each profile has been calculated from C max, using the empirical relationships shown in Figure 5.8. The values for X max and H e, are both given
in mm. The empty plots indicate that no measurements were made for thatrelease height for the building case concerned.
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Appendix 6 A modified Gaussian plume model
Appendix 6: A modified Gaussian plume model.
Appendix 6 gives a mathematical proof to show that oy can be any well behaved function of z in the plume model without violating continuity.
Assume that the concentration is given by:
f  /
C =  a c exp
2 0 /
exp -(z ~ zJ
2g \
+ exp F  + Zp) 
2g ]
(1 + f(z)) ( 1 )
where a c is a coefficient that is only a function of x, to be determined, the 
lateral spread of the plume is given by oy(x,z):
Gy =cry (l + f(z)) ( 2 )
cryo (*) is the lateral spread at a reference height, and crz is the vertical spread that are functions only of x. f(z) must always be greater than -1 and less than 
infinity.
Conservation of emitted material satifies:
OO CO
Q  = \ J V a c W e c C  d y  d Z (3)
where U advec is the mean advection velocity of the plume. 
Substituting (1) into .(3) we obtain:
r / \2\  f  / \2'x
2 = |  j LzLv2<7j,
exp
2cj:
V
+ exp 2o:
A
(1 + f(z))
dy dz ( 4 )
Integrating (4) with respect to y first, taking into account:
it follows that:
expr 2  ^-y
v2(7?y
dy = -  = ^ 2 kg) = Gy 42 k
(5)
( 6 )
with a =
2g {
Substituting this results into equation (4) we obtain:
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Q = <*'U«kJj<r±2 ^
exp - ( z - z j ' l  f - (z  + Zp) ' + exp
2cr;
2 A'
2at
\ y_
2at
(1 + f(z»
and substituting cr^. from equation (2) gives:
( - ( z - z „ )exp
Q = a cU„dm42 i j< r „ ( l  + f(z)) L - ?
O
which can be re arranged to give:
dz
2 \  y 
+ exp
y
-(z  + zp) 
20-;
(1 + f(z))
*
f t  \2) ( t
1 exp
“ (z - z ,)
+ exp
-(z + zpJ
JQ 'la 1 2cr2
_ \  J v y
dz
One of the terms in the vertical integration is:
jexp
l a
dz
Then equation (10) is written as:
f  n \  2^
Jexp db => - J H a ]  
2
Similarly:
Jexp T  + zp)
2cr? < fe= + V 2 + f
It follows therefore that:
- ( t \2} f t *
1 exp - \ z ~ zp) -t-exp -[Z + ZpJJ
0 2 a 2z\ * *  J
dz = a 7/ 2 K
Substituting this into equation (9) gives:
Q = <XcUadVeffxaYa z => a  = 12
2KUlldveca y a z
(7)
dz ( 8 )
(9)
( 1 0 )
( 1 1 )
( 1 2 )
(13)
(14)
Now we have found a c we can re-write the concentration expression given in 
(1) as:
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C = Q
2
expr f '
exp ~{z ~ zp) 2 o':
2^ (  
+ exp
V
2 o :
2 \
which can be simplified using equation (2) to give:
f t  \2\ r
C - Q2nUadm<y,al exp' r f\ 2(Th
exp
2cr;
+ exp
lo t
This result shows that the lateral plume spread can be any function o provided o y is always greater than zero.
O M V E R SfT Y  O F  SU R R E Y  LIBRARY
( 1 5 )
( 1 6 )  
height
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